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  A injeção de água carbonatada é uma técnica que é conhecida por causar alteração mineral 
em reservatórios de carbonato, principalmente associados à dissolução da rocha. O principal 
objetivo desta pesquisa é o desenvolvimento de uma metodologia experimental para avaliar o 
impacto da dissolução da rocha de carbonato, tanto perto do poço como longe, devido à injeção de 
água carbonatada em condições de alta pressão. O trabalho relata os efeitos da dissolução em 
amostras de dolomita de afloramento durante o escoamento com água carbonatada à pressão de 
8500, 8250 e 7500 psi e temperatura de 70 ° C, em termos de variações de porosidade e 
permeabilidade. O fluido de injeção é água do mar contendo 21,5% de CO2. 
A montagem experimental foi desenvolvida a partir de dois portas testemunhos conectados em 
série para realizar experimentos de injeção de água carbonatada. O primeiro porta testemunho 
reproduz os efeitos de dissolução que ocorrem perto do poço (zona do poço), enquanto o segundo 
representa os efeitos de dissolução mais distantes no reservatório (zona do reservatório). A 
Tomografia Computadorizada de raios-X (TC) proporcionou aquisição de imagens permitindo a 
avaliação da evolução da porosidade nas amostras ao longo do teste. As experiências mostraram 
uma tendência de aumento da porosidade para a amostra montada no primeiro porta testemunho, o 
que pode ser associado à dissolução da rocha. A quantidade de moles dissolvidos confirmou o 
comportamento em relação aos fenômenos de dissolução. As amostras de fluidos dos efluentes 
coletadas na saída do sistema foram analisadas quantitativamente pela Cromatografia Iônica (IC). 
O conteúdo de cálcio indicou a ocorrência de dissolução. O perfil de porosidade espacial para o 
primeiro porta testemunho mostrou variação de porosidade nos primeiros centímetros da amostra 
de rocha. No segundo, a porosidade permaneceu inalterada durante todo o teste, o que indica que 
o efeito de dissolução teve um impacto maior na primeira amostra do que na segunda. Observou-
se que os efeitos de dissolução mais altos e mais baixos ocorreram em regiões de porosidade inicial 
de meio poroso maior e menor, respectivamente. O padrão pode ser explicado pela variação na 
velocidade intersticial que, em regiões de maior porosidade, assume valores mais baixos, 
promovendo um maior tempo de contato entre rocha e água carbonatada e favorecendo um aumento 
na dissolução da rocha. A tendência inversa é observada em regiões de porosidade inferior, onde 






  O comportamento da permeabilidade foi analisado através dos valores de queda de pressão 
ao longo da amostra para todo o experimento, registrados pelos transdutores de pressão instalados 
em cada porta testemunho. As experiências mostraram um comportamento de permeabilidade 
constante para as amostras montadas no porta testemunho, apesar de apresentar uma tendência de 
aumento nos valores de porosidade. No caso das amostras colocadas no segundo porta testemunho, 
todas apresentaram uma menor porosidade para os três ensaios. Esse comportamento está 
relacionado com o bloqueio do meio poroso pelos minerais dissolvidos na primeira amostra e que 
se precipitaram na segunda amostra. O desenvolvimento e comissionamento do aparato 
experimental para investigar os efeitos da dissolução da rocha nas condições do reservatório foi 































Carbonated water injection is a technique that is known to cause                                                                                                                                                                                 
mineral alteration in carbonate reservoirs, mainly associated with rock dissolution. The main 
objective of this research is the development of an experimental methodology to assess the impact 
of carbonate rock dissolution both near the wellbore and far from it due to injection of carbonated 
water at high pressure conditions. The work reports the effects of dissolution on outcrop dolomite 
samples during core flooding with carbonated water at pressure of 8500, 8250 and 7500 psi and 
temperature of 70˚ C, in terms of porosity and permeability changes. The injection fluid is seawater 
containing 21.5%  of 𝐶𝑂2. The experimental setup was assembled and commissioned arranging 
two coreholders connected in series in order to carry out carbonated water injection experiments. 
The first coreholder reproduces the dissolution effects that occur near the wellbore (wellbore zone), 
while the second coreholder represents the dissolution effects deeper into the reservoir (reservoir 
zone).  X-ray Computed Tomography (CT) provided image acquisition allowing the evaluation of 
porosity evolution in the samples along the test. Experiments showed a porosity increase tendency 
for sample assembled in the first coreholder, what can be associated with  rock dissolution. The 
amount of dissolved moles afforded the behavior regarding to dissolution phenomena. Effluent 
fluid samples collected at system outlet were analyzed quantitatively by Ionic Chromatography 
(IC). The calcium content indicated the occurrence of dissolution. Spatial porosity profile for first 
core holder showed porosity variation at the first centimeters of the rock sample. In the second 
coreholder, the porosity remained unchanged during the entire test, which indicates that dissolution 
effect has had a higher impact on the first sample than on the second one.  It was noted that the 
highest and lowest dissolution effects occurred in regions of higher and lower porous media initial 
porosity, respectively. The pattern can be explained by the variation in interstitial velocity that, in 
higher porosity regions, assumes lower values, promoting a higher contact time between 
carbonated water and rock and favoring an increase in rock dissolution. The opposite trend is seen 
in lower porosity regions, where an increase in interstitial velocity reduced the reaction time 
between the carbonated water and the rock. Permeability behavior was analyzed through the 
pressure drop values along the sample for the entire experiment, registered by pressure transducers 
installed at each coreholder. Experiments showed a constant permeability behavior for the samples 





placed in the second coreholder, all presented a lower porosity for the three experiments; this 
behavior is related with the porous media blockage by the minerals dissolved in the first sample 
and were precipitated at second sample. The development and commissioning of the experimental 
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More than a half of oil reserves in the world are stored in carbonates reservoirs, and these 
reserves were estimated as 1700 billion barrels of oil approximately, at the end of 2014, which are 
sufficient to meet 52.5 years of global production (BP, 2013). Due to geological complexity of the 
carbonate reservoirs, just around 30-40 % of the oil reserves will be recovered by standards 
technologies. Therefore, a significant amount of oil remains in carbonate reservoirs waiting to be 
produced. 
The major problems associated to carbonate reservoirs are related with wettability and 
permeability. Carbonate reservoirs are in a wettability range from mixed-wet to oil-wet rocks with 
a low permeability matrix and have high fracture density resulting in low oil recovery. Due to these 
difficulties, the industry is in need for the development of new technologies that allow a significant 
recovery of the oil remaining in reservoir after primary production stages. One of these 
technologies is 𝐶𝑂2 injection as secondary or tertiary recovery method. Experimental and field data 
have showed an incremental in oil recovery over 20% of original oil in place (OOIP) after 𝐶𝑂2 
injection. Studies point that the mainly oil recovery mechanisms by 𝐶𝑂2 are oil swelling, and oil 
viscosity reduction (Riazi et al., 2009). Besides the direct interaction between the 𝐶𝑂2 and the oil,  
𝐶𝑂2  also interacts with the porous media, by reactions such as multi-ion exchange and rock 
dissolution. These along with migration of particles are also depicted as mechanisms that can 
promote oil recovery in carbonate reservoirs.  
The scope of this study is on the dynamic of chemical and physical reactions between 
carbonate water and porous media mainly focusing in carbonate rock dissolution, starting from the 
development of an experimental methodology to assess the impact of carbonate rock dissolution 
both near and far from the wellbore due to injection of carbonate water at high pressure. The study 
comprises experimental tests approaching changes on the porous media and a numerical simulation 
as tool in order to support and to model the reactions that occur in the reservoir during the recovery 
process.  
The text is organized as follows: Chapter 2 begins with a review of the theoretical 





phenomenon during carbonated waterflooding. The chapter presents the main carbonate 
waterflooding mechanisms and the key reactions that occur in the reservoir during the flood. 
Chapter 3 presents a complete description for technical procedures and equipment used for samples 
spadework, carbonated water preparation, fluids characterization. Also includes a detailed 
description for experimental set up used during carbonated waterflooding. Chapter 4 provides the 
results of the carbonate waterflooding experiments. Results include the porosity changes, dissolved 
moles, permeability changes, ionic chromatography, dissolved mass and a statistical analysis for 
three tests with different approaches. Finally chapter 5 presents main conclusions and observations 
for the three experiments that were performed, focused to evaluate how the experimental conditions 





















This chapter reviews the theoretical fundaments that are involved in oil recovery 
techniques, mainly focused in carbonates dissolution phenomenon during carbonated 
waterflooding. The chapter presents the main carbonate waterflooding mechanisms and the key 
reactions that occur in the reservoir during the flood.  
2.1 Carbonates 
 
More than a half of the world petroleum resources is produced from carbonate reservoir 
rocks. The oil-reservoir characteristics of carbonate rocks are largely functions of porosity and 
relative permeability, which is affected by the initial composition of the rocks and their subsequent 
history.  
Carbonates are minerals formed by anionic complexes of the carbonate ion (CO3)
2−and 
divalent metallic cations such as Calcium, Magnesium, Ferrous, Manganese, Zinc, Barium, 
Strontium, and Copper, along with a few less common others (Wayne, 2008). They are constituted 
mainly of calcite, aragonite and dolomite.  
Carbonates origin follows a marine depositional environment that comprises tidal-flat, 
sabkha, lagoonal, beach, and eolian deposits, which variously can be source rocks, seals, and 
reservoirs for hydrocarbons. Stratigraphic traps commonly develop in peritidal sequences in 
situations of offlap - onlap geometries, which generally result in the development of stacked 
packages of cyclic character and origin (Chilingarian, 2008).  
Continental carbonate platforms are large carbonate deposits in shallow marine waters over 
extensive continental blocks with fairly regular topography. Due to their very small depths, 
continental marine environments have little influence of tides and currents and small waves 
generating regular deposits and with great horizontal growth and only suffer greater waves 
influences during great storms. Carbonate growth in these environments often occurred under 





Carbonates are classified in two major types: limestone, which is composed of calcite or 
aragonite (different crystalline forms of  𝐶𝑎𝐶𝑂3) and dolostone, which is composed of the mineral 
dolomite (𝐶𝑎𝑀𝑔(𝐶𝑂3)2). Limestones are those rocks composed of more than 50% carbonate 
minerals, of which 50 % or more consist of calcite and/or aragonite (Manrique et al., 2007). 
Limestones may be white, gray, dark gray, yellowish, greenish, blue, and sometimes, black 
in color. A small admixture of clay particles or organic matter imparts gray color to limestones. 
Forming environment is mainly characterized by shallow, calm, warm marine waters, this is the 
type of environment where the organisms are capable of forming calcium carbonate shells and 
skeletons can easily extract the needed ingredients from ocean water. When these animals die, their 
shell and skeletal debris accumulate as sediment that might be lithified into limestone. Principal 
varieties of limestones include chalks, coquina, fossiliferous limestone, oolitic limestone and 
travertine.  
Dolomite is very common in the rock record, but the mineral dolomite is rarely observed 
forming in sedimentary environments. For this reason, it is believed that most dolomites form when 
lime muds or limestones are modified by post depositional chemical change. Dolomite forming 
environment follows the same conditions and characteristic present for limestones. Dolomite rocks 
are predominantly monomineralic. The most common noncarbonated minerals are quartz (either 
authigenic or detrital), clay minerals, pyrite, and glauconite. Evaporite minerals or their 
replacements are also common (Roehl and Choquette, 2012). 
2.2 Enhanced Oil Recovery (EOR) 
 
   Recovery is the heart of oil production from underground reservoirs. If the average 
worldwide recovery factor from hydrocarbon reservoirs can be increased beyond current limits, it 
will alleviate a number of issues related to global energy supply (Kokal, 2010). Currently the daily 
oil production comes from mature or maturing oil fields and reserves replacement is not keeping 
pace with the growing energy demand. The world average recovery factor from hydrocarbon 
reservoirs is stuck in the mid-30 per cent range. This challenge becomes an opportunity for 





EOR development has mainly 3 stages as shown at Figure 2.1. In the first stage, the oil is 
produced by the natural energy of the reservoir (natural flow) and the effect of gradient pressure 
allows recovering 25-30% of original oil in place (OOIP) (Exxonmobil, 2013).  
After reservoir energy is depleted (pressure decrease), the second stage begins, involved 
mainly fluid injection in the reservoir. Water is one of the most popular fluids used for injection to 
maintain reservoir pressure or as a mean to increase wellbore flow rates (oil recovery around 30-
50%). After primary and second recovery is developed, the last stage in oil recovery is by 
unconventional methods (EOR). Techniques for EOR have been used for the last decades in the 
petroleum industry, to increase the recovery of oil that cannot be produce by the primary method.  
EOR techniques can be split into four mainly areas: Gas injection, Thermal methods, 
Chemical Methods and others.  
Gas injection is currently the most used approach in enhanced oil recovery and can be 
performed by: injection of carbon dioxide (𝐶𝑂2), light hydrocarbons, fuel gas or nitrogen at 
pressures where the gas is either miscible or immiscible with the oil. Thermal methods are mainly 
focused in steam injection, in-situ combustion and hot water injection, heat reduces oil viscosity 
increasing the mobility of the oil.  
In the chemical methods area, the primary goal is to recover more oil by either one or a 
combination of the following process: (a) mobility control by adding polymers to reduce the 
mobility of the injected water and (b) interfacial tension reduction by using surfactants. Others 
method includes use of microorganisms or enzymes that can break down oil molecules, these 
microbes function is either by partially digesting long hydrocarbon molecules or by emitting carbon 







Figure 2.1 EOR/IOR definition, Enhanced Oil Recovery: challenges & opportunities  (Sunil Kokal and 
Abdulaziz Al-Kaabi, 2010). 
 
2.3 𝐂𝐎𝟐 Injection for EOR  
 
Motivated by the substantial amount of residual oil remaining in the reservoirs after primary 
and secondary recovery, techniques for additional recovery have emerged. One of these 
technologies refers to 𝐶𝑂2 injection in the reservoirs as tertiary recovery. Carbon dioxide injection 
has been used as oil recovery method for more than 50 years, experimental and field data show 
additional oil recovery factors close to 22 % of OOIP.  
There are modified methods of 𝐶𝑂2 injection. One of these methods consists in the injection 
of 𝐶𝑂2 and water alternately (WAG - Water Alterning Gas). WAG is conducted under immiscible 
conditions between the 𝐶𝑂2 and the oil, although some WAG projects have been developed in 
miscible conditions. WAG process involves the injection of 𝐶𝑂2 into the reservoir through an 
injector well. The injection rates vary depending on mobility of the fluids and on the permeability 
of the zone. After 𝐶𝑂2 is injected, water injection is proceed immediately using the same injector 
well. Injection rates can be 1:1 but can go up to until 4:1 in some of cases.  
The application of the method includes some requirements of the reservoir related with 
pressure and temperature. Reservoir depth plays a significant role in relation with gas and water 
injection pressures, limited by the formation fracture pressure if the reservoir is shallow, and by 
the pumping cost if the reservoir is deep. Reservoir thickness is not critical, but thick layers are 





Other 𝐶𝑂2 variant method is the huff and puff technique (Cyclic 𝐶𝑂2 Injection) that consists 
of injecting a volume of 𝐶𝑂2 in the gaseous phase into the formation through a production well. 
Once the 𝐶𝑂2 gas is within the formation, the well is closed for a certain period of time calculated 
to allow gas miscibility with the formation, and 𝐶𝑂2 reacts with formation water to form carbonic 
acid, which will react with CaCO3 of the storage rock, increasing its permeability.  
A critical point is to allow enough time for the largest amount of 𝐶𝑂2 to be absorbed by the 
oil when gas-oil miscibility is addressed. This causes reduction in the viscosity of the oil, and a 
reduction in the surface tension between the oil and the pores of the rock resulting in an increase 
in the mobility of oil and, consequently, an increase in the production rate. 
The main reactions that occur when 𝐶𝑂2 enter in contact with the oil-water-rock system 
are: 
1. The reaction between 𝐶𝑂2 and the water formation produces carbonic acid. 
                                             𝐶𝑂2 + 𝐻2𝑂       𝐻2𝐶𝑂3                            Eq 2.1 
Carbonic acid (𝐻2𝐶𝑂3) reacts with the calcium carbonate (𝐶𝑎𝐶𝑂3) present in the rock 
surface causing the dissolution phenomena, which improves the flow channels in the reservoir, 
improving permeability and porosity of the rock                                            
                                               𝐻2𝐶𝑂3 + 𝐶𝑎𝐶𝑂3        𝐶𝑂2 + 𝐶𝑎(𝐻𝐶𝑂3)2                Eq 2.2 
2. Calcium bicarbonate 𝐶𝑎(𝐻𝐶𝑂3)2 is a compound very unstable with temperature and 
decomposes easily maintaining an effervescent effect that energizes the deposit: 
                            𝐶𝑎(𝐻𝐶𝑂3)2             𝐶𝑎𝐶𝑂3 +𝐶𝑂2 + 𝐻2𝑂                   Eq 2.3 
𝐶𝑂2 mass transfer to oil is the mechanism that provides more mobility for the oil; this 
mobilization is converted in an incremental oil recovery. 𝐶𝑂2 presents a solubility in oil phase that 
is higher than in water phase, so that 𝐶𝑂2 moves from water to oil causing swelling and viscosity 
decreasing, which results in a higher oil recovery factor. 
Injection of 𝐶𝑂2 into the oil zone of the reservoir can lead to changes in the solubility of 
asphaltenes present in petroleum. Raising the gas, by increasing the methane content of an oil 





Experimentally it was determined that the amount of asphaltenes deposits was a function of the 
amount of asphaltenes dissolved in the oil initially. Injection of 𝐶𝑂2 mixed with hydrocarbon gas 
may lead to the deposition of higher molecular weight components than hydrocarbon injection 
alone. 
One of the major consequences of injecting 𝐶𝑂2 is that the rock grains become coated with 
bituminous decks. This can serve to isolate the mineral grains from the reactive fluids as well as in 
turn result in the rock starting to increase its wettability to the oil as the 𝐶𝑂2 injection proceeds. 
There are numerous aspects regarding to large amounts of 𝐶𝑂2 injection into the subsoil. 
Among them it is emphasized that the injection of 𝐶𝑂2 inside a salt aquifer can result in the 
precipitation of minerals. The reason for thi process is that saline water typically contains aqueous 
calcium, so adding 𝐶𝑂2 can lead to the precipitation of calcite by the reaction of the type presented 
by Equation 2.4. Also, 𝐶𝑂2 injected may react further with calcium minerals in the subsoil. 
𝐶𝑂2 + 𝐻2𝑂 + 𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 (Anortite)    𝐴𝑙2𝑆𝑖2𝑂5 (𝑂𝐻)4 (Caolinite) + 𝐶𝑎𝐶𝑂3 (Calcite)   
Eq 2.4                                        
The generated kaolinite is a discrete clay particle that reduces porosity and permeability slightly. 
Some others limitations of 𝐶𝑂2injection include: 
1. Very low viscosities of 𝐶𝑂2 result in poor mobility control. 
2. Availability of 𝐶𝑂2. 
3. Early break of 𝐶𝑂2. 
4. Corrosion in producing wells. 
5. Need to separate 𝐶𝑂2 from salable hydrocarbons 
6. 𝐶𝑂2 repressurization for recycling. 








2.3.1 𝐂𝐎𝟐 Properties 
 
At standard conditions of pressure and temperature (1atm, 20°C),   𝐶𝑂2   is an odorless, 
colorless gas and 1.5 times heavier than air. The critical conditions for pressure and temperature 
are 73 atm and 31.1 °C (Figure 2.2). At these conditions 𝐶𝑂2 gas and liquid phases coexist. 
Above critical conditions  𝐶𝑂2 become a supercritical fluid. The dense phase can extract 
hydrocarbon components from oil more easily than gaseous 𝐶𝑂2 (Jarrell et al., 2002). 𝐶𝑂2 physics 
properties are listed in Table 2.1.  
 
        Figure 2.2  Carbon dioxide ( 𝐶𝑂2) pressure–temperature phase diagram.  (Mosavat, 2014)  
 
 
Table 2.1  𝐶𝑂2 Physical Properties. 
Molar Mass (g/mol) 44 
Sublimation Point (°C) -79 
Fusion Point (atm) -56,6 to 5,2 
Solubility in water (ml/ 100 ml at 20 °C) 88 
Vapor Pressure (Kpa at 20 °C) 5720 







2.3.2 𝐂𝐎𝟐 Solubility in Water And Brine  
 
The 𝐶𝑂2 solubility in water and brines has been matter of study for a wide range of 
pressures, temperatures and salinity by various researchers (Chapoy et al., 2004, Duan et al., 2006, 
Liu et al., 2011). Experimental data of 𝐶𝑂2 in water systems are more extensive that those in brine 
systems.  
However, Duan et al. (2006), contributed with an improved model for the calculation of 
𝐶𝑂2 solubility in aqueous solutions containing Na
+, K+, Ca2+, Mg2+, Cl-, and 𝑆𝑂4 
−2. Results 
included 𝐶𝑂2 solubility for specific ranges such as: from 273 to 533 K, from 0 to 2000 bar, and 
from 0 to 4.5 molality of NaCl or other salts. Duan and Sun (2003) presented an improved model 
for calculating 𝐶𝑂2 solubility in pure water and aqueous NaCl solutions from 273 to 533K and 
from 0 to 2000 bar.  
Mosavat et al. (2014) reported, in an experimental evaluation of the performance of the 
𝐶𝑂2-Brine system, that the presence of NaCl in the water causes 𝐶𝑂2 solubility to decrease, mainly 
due the fact that 𝐶𝑂2  solubility in aqueous solutions usually decreases after adding inorganic salts. 
The phenomenon is associated with the salting out effect and also was reported that the 𝐶𝑂2 
solubility in the brine is a more dominant parameter, when compared to 𝐶𝑂2 miscibility in oil.   
Although the literature provides a good database, reliable experimental 𝐶𝑂2 solubility data 
in both pure water and brine is still required, particularly for the operating conditions existing in 
EOR processes. 
 
2.3.3 𝐂𝐎𝟐 - Brine System 
 
In Carbonate Water Injection (CWI) projects, CO2  is dissolved in water and injected into 
the reservoir. CO2 presents a higher solubility in water, compared to other gases (Figure 2.3), which 
makes CWI proper as an improved oil recovery technique.  
Low solubility of hydrocarbons for other gases such (𝑂2 , 𝑁2, 𝐻2)  in a brine system could 





interaction with surrounding molecules by weak Van der Waals forces or very weak electronic 
interaction by use of their pi electrons (𝐶2𝐻2) or lone pairs (such as 𝑂2) in the water.  
Therefore, the attractive forces between water molecules and hydrocarbon or other gases 
are weaker than that for 𝐶𝑂2. This will result in lower solubility of these gases in water compared 
to 𝐶𝑂2 (Mosavat, 2014). The main reaction referred to the  𝐶𝑂2 dissolved in a brine system is 
associated to hydration phenomena.    
 
Figure 2.3 Solubility of different gases in pure water at pressure of P = 101.3 kPa and temperature 
of T = 25 °C (The Engineering Toolbox, 2017). 
 
The first equilibrium reaction is carried out when 𝐶𝑂2 is in contact with the brine and 
promoting the carbonic acid formation. 
                                 𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂          𝐻2𝐶𝑂3(𝑎𝑞)                                Eq 2.5 
The reaction, Equation (2.5), is kinetically slow, and after reaching chemical equilibrium, 
only a small fraction (0.2 – 1%) of the dissolved 𝐶𝑂2  is actually converted to  𝐻2𝐶𝑂3. Most of the 
𝐶𝑂2  remains as dissolved molecular 𝐶𝑂2  in water and carried to the reservoir in CWI. 
Experimental studies have shown that with injection of supercritical 𝐶𝑂2  into the brine-
rock system, the content of carbonic acid increases, thus causing a decrease of the pH of the solution 





formation and temperature). The acidity favors the attack of carbonated minerals, such as calcite, 
according to reaction (2.6), inducing, under some conditions, precipitation of other mineral phases, 
such as gypsum or anhydrite (2.7), when interacting with the sulfates present in the brine. 
𝐶𝑎𝐶𝑂3 +  𝐻
+  ↔  𝐶𝑎2+ 𝐻𝐶𝑂3
− 
𝐶𝑎2+ +  𝑆𝑂4
−2  ↔  𝐶𝑎𝑆𝑂4 
Eq 2.6  
Eq 2.7  
These reactions are kinetically fast, and achieve equilibrium in a few hours at room 
temperature. 
As mentioned previously, the effect of salt concentration in the 𝐶𝑂2 solubility is that a lower 
amount of moles of 𝐶𝑂2 can be dissolved in the brine; known as the “salting-out effect”. When the 
salt concentration is increased, some of the water molecules are attracted by the salt ions, which 
decrease the number of water molecules available to interact with CO2. K. Al-Anezi et al., (2008) 
reported results for the experiments of 𝐶𝑂2 solubility in different 𝑁𝑎𝐶𝑙 concentration (10k ppm, 
25k ppm and 35k ppm) at different temperatures (25°C, 40°C, 60°C, 80°C and 90°C). Results 
showed that the 𝐶𝑂2  solubility decrease with the temperature increase (Figure 2.4). The reason for 
this gas solubility relationship with temperature is very similar to the reason that vapor pressure 
increases with temperature. The increase of temperature causes an increase in kinetic energy. The 
higher kinetic energy promotes more motion in molecules which break intermolecular bonds and 
escape from solution.  
 
Figure 2.4 𝐶𝑂2  solubility (ppm) in water, 10,000 ppm, 25,000 ppm and 35,000 ppm NaCl 






Results also showed the 𝐶𝑂2  solubility behavior for a different range for pressures (0.02 to 
0.987 bar) (Figure 2.5). From the experiments, the authors concluded that the gas solubility 
increases as the system pressure increases; this statement is formalized in Henry's Law, which 
states that the solubility of a gas in a liquid is directly proportional to the pressure of that gas above 
the surface of the solution. 
 
 
 Figure 2.5 Comparison of the solubility of carbon dioxide in water at 25°C and different 
𝐶𝑂2  partial pressure.  (K. Al-Anezi et al., 2008) 
 
2.4 Waterflooding  
 
    Waterflooding involves the use of injected water to displace oil in a reservoir. The process is a 
secondary method for oil recovery. Waterflooding has been used since 1865 to displace oil from 
reservoir and avoid reservoir pressure depletion. The key features which make waterflooding an 
essential process for most of the mature fields are: water is easily available and inexpensive; it is 
relatively easy to inject and efficient for displacing oil and is associated with lower capital 
investment and operating cost.  
During systematic laboratory studies by many research groups during the last 20 years on 





presented a different composition compared to the initial formation water, thus, it can disturb the 
established chemical equilibrium of the rock-oil-brine system. Also, during the process to establish 
a new chemical equilibrium, the wetting properties will be changed, which may result in improved 
oil recovery (Austad, 2012).  
 
2.4.1 Waterflooding Carbonates Reservoirs 
 
One of the requisite for understanding the waterflooding behavior is the basic knowledge 
of the reservoir properties. Some reservoir properties are inherent to the rock, like porosity, 
permeability, pore distribution and surface area.  Properties as capillary pressure and relative 
permeability to the flow are properties that depend on the interaction between the rock and the 
fluids (Figure 2.6). Comprehending these interactions are the key to achieve a successful 







Figure 2.6 Variables dictating or affecting the original reservoir conditions.  
 
The wetting properties of carbonate reservoirs are fundamental to the understanding of fluid 
flow in all aspects of oil production, and can affect the production characteristics greatly during 
waterflooding. Therefore, the knowledge of the preferential wettability of reservoir rock has a great 
importance for petroleum engineers and geologists to evaluate reservoir performance and oil 
recovery. Due to this importance, many reviews of wettability and its effect on oil recovery have 














Waterflooding in carbonate reservoir is been used as secondary recovery technique; while 
waterflooding efficiency in sandstones allows recover close to 80% of OOIP, the recovery in 
carbonates is much lower due to its mixed-wet wettability. Many techniques have been proposed 
to enhance the oil recovery in carbonates. CWI and smart water injection surged as new techniques 
for enhanced oil recovery in carbonate reservoirs. 
2.5 Carbonated Water Injection (CWI) 
CWI has been used as technique in which the water and the 𝐶𝑂2 coexist in the same phase 
(P>73 atm and T>31.1°C). CWI presents a number of advantages mainly associated to the 
eliminating the problem of gravity segregation, gas fingering and poor sweep efficiency due to 
high 𝐶𝑂2 mobility, which are characteristics of a typical 𝐶𝑂2 injection project. CWI also provides 
the opportunity to use 𝐶𝑂2 for the sequestration proposes. 
One of the main motivations to use CWI is that 𝐶𝑂2 dissolved in the water reacts with the 
fluid and porous media in the reservoir causing chemical and physical reactions that enhance oil 
recovery. In the CWI fluid system, a high amount of 𝐶𝑂2is dissolved in the oil phase causing oil 
swelling and a reduction in its viscosity, therefore a mobility increases in the oil phase (Figure 2.7). 
With the CWI rock system, the main reaction is associated to the rock dissolution effect due to the 
carbonic acid present in the flood. The rock dissolution entails an increase in porosity and 








Figure 2.7 Schematic illustration of the oil sweep efficiency in a 2 -D cross-section of a typical 










In this context, it is extremely important to understand the mechanisms through which 𝐶𝑂2, 
brine and carbonate minerals interact to causing alteration in properties as porosity and 
permeability on carbonate rocks. 
 
2.5.1 Porosity and Permeability Alteration Due to Dissolution 
 
Massive injection of 𝐶𝑂2 into an aquifer reservoir will change the system geochemical 
equilibrium between the porous rock and the formation water. Dissolution of supercritical 𝐶𝑂2 into 
brine will control the rate of dissolution and precipitation of minerals constituting the porous rock. 
Volume changes of the solid phase will modify the pore structure, affecting both the porosity and 
permeability of the porous media (André et al., 2006). 
The main variation in porosity and permeability is due to the effect the carbonic acid 
generated during the 𝐶𝑂2 solubilization process in the brines. During this process, the pH of the 
resultant phase could reach values around 3.5-4, promoting an acid reaction with the calcite, 
magnesite and siderite present in the carbonate surface. 
Shogenov et al., (2015) presented results for dissolution experiments in reservoir samples 
under the effects of a 𝐶𝑂2-rich brine, at 10 bar and 60°C as experimental conditions. Results 
showed a significant dissolution of the pore-filling carbonate cement (ankerite and calcite) causing 
a high increase in effective porosity and permeability and a decrease in the weight of samples, bulk 
and matrix density.  
Yasuda et al., (2013) performed static experiments to determine the kinetics of carbonate 
dissolution and its effects on the porosity and permeability of consolidated porous media. Results 
showed a mass loss (8.3×10−4 g/h) in an Italian travertine outcrop rocks after subjected to 
conditions of high pressure and temperature (9000 psi and 64 °C) in a carbonate solution during 
250 hours. Results also showed an increase in porosity and permeability values, associated to the 
dissolution of the rock matrix. 
Egermann et al. (2010), performed dissolution experiments in two limestones cores in order 





a 𝐶𝑂2-rich brine (acid solution, pH=1), the overall permeability improvement reached 30% and 
70% in the two cores. Porosity increase also was observed in the samples. It was concluded that 
𝐶𝑂2 induced dissolution in the sample surface, causing a modification in its petrophysical 
properties. 
Zekri et al. (2009), reported a significant drop in permeability values for limestone samples 
during 𝐶𝑂2  flooding at 4000 psi and 250°C. Samples exhibited permeability losses of 65%. The 
drop in permeability was associated to the high presence of calcite in the samples. Zekri et al. 
(2009) concluded that the dissolution and precipitation can occur in the core during a given 
experiment resulting in an opposite effect on the measured permeability and porosity. Calcite 
dissolution is the major reason for the improvement of permeability and precipitation of the calcite 
can plug the flow channels and impairs permeability. 
 
2.5.2 Pressure and Temperature Influence on Dissolution 
 
As described previously, pressure and temperature have a significant role during the CWI 
projects, for the 𝐶𝑂2 solubility in brine system depends of these variables. The solubility of calcite 
is highly influenced by the amount of carbonic acid present in the solution (𝐶𝑎𝐶𝑂3 solubility 
increases with 𝐶𝑂2 concentration). 
Coto et al., (2012) evaluated the dissolution effects of 𝐶𝑎𝐶𝑂3 at different temperatures in a 
𝐶𝑂2-rich brine. Effluents were analyzed in order to quantify the amount of moles  𝐶𝑎
2+ at the 
temperature range of 25°C to 95°C. Results showed an amount of 2𝑥10−4 𝑀 𝐶𝑎2+  at 95°C, while 
at 25°C the amount was 5,3𝑥10−4 𝑀 𝐶𝑎2+ .The conclusion is that 𝐶𝑎𝐶𝑂3 suffers greater 
dissolution at low temperatures, related to the amount of acid carbonic in the solution. 
Bacci et al. (2011) reported the dissolution effects on limestone cores during 𝐶𝑊𝐼 at two 
different temperatures (25°C and 65°C). An experimental setup with two samples connected in 
series was used: the first sample was heated to 25°C to simulate the wellbore temperature, while 
the second sample was heated to 65°C, to mimic reservoir temperature. Results showed a 





permeability increased from 2.64 to 522.45 mD in the first sample, the increase was related to the 
interconnections created by dissolution through the entire core, while for the second sample the 
increase was from 2.71 to 2.97 mD. A recent study demonstrated that the temperature around the 
wellbore can drop by more than 20 °C through Joule-Thomson cooling effect (Oldenburg, 2007). 
Mosavat et al. (2011) performed oil recovery experiments in sand packs during CWI at two 
different temperatures (25°C and 40°C). It was found that the tertiary CW flooding performed at 
40°C resulted in lower ultimate oil recovery factor (RF) of 66.5% compared to a RF of 68.8% at 
25°C. At constant pressure, a relatively less amount of 𝐶𝑂2 dissolves in the brine at 40°C (i.e.,v = 
0.7303 mol/kg) compared to the solubility of       v = 0.9775 mol/kg at 25°C.  
Pokrovsky et al. (2005) realized experiments to determine the dissolution kinetics of calcite, 
dolomite and magnesite at 25°C and pressures of 0 to 50 atm (Table 2.2). The measurements of 
Mg concentration and pH were used for calculating the average dissolution rate. 
Table 2.2 Dissolution kinetics for calcite, dolomite and magnesite at 25°C and 0 to 50 atm. 
𝑅mgmol/cm2 /s pCO2, atm (1,2) pCO2, atm (10) pCO2, atm (35) pCO2, atm (50) 
Dolomite 3.77e-10 1.21e-09 1.07e-09 1.02e-09 
Calcite 4.74e-09 2.13e-08 1.80e-08 1.70e-08 
Magnesite 1.24e-12 1.52e-12 1.47e-12 1.82e-12 
 
Results showed that the dissolution rates for dolomite and calcite increase as pressure 
increases; it could be related with the fact that at high pressures, the amount of 𝐶𝑂2 dissolved in 
the brine is higher.  
2.5.3 Influence of Injection Rate on Dissolution 
 
The dissolution regimes can be characterized by Péclet (Pe) and Damköhler (Da) numbers. 
The Peclet number is the ratio of advective to diffusive transport rates. 
                                                     𝑃𝑒 =
𝑢∗𝑙
𝐷





With u being the fluid velocity, l representing the pore length scale, and D being the 
diffusion coefficient. 
The Damköhler number is the ratio of the overall dissolution rate to the advective transport 
rate, with k being the overall reaction rate.  
                                                            𝐷𝑎 =
𝑘∗𝑙
𝐷
                                                    Eq 2.9 
For Pe and Da numbers above 10−2 a wormhole (WH) dominant dissolution regime is 
expected (Golfier et al., 2002). In addition, the authors showed that high injection rates create an 
environment less conducive to the precipitation of carbonate minerals, even as it causes a shorter 
residence time of the fluids in the rock, showing that the flow rate is one of the most impacting 
attributes to the rock-fluid interaction.  
Menke et al. (2016), evaluated the effect of initial pore structure and flow conditions. The 
authors investigate the impact of initial pore structure and the velocity field heterogeneity on the 
dynamics of fluid/solid reaction at high Pe (fast flow) and low Da (relatively slow reaction rates). 
The experimental procedure consisted in the injection of 𝐶𝑂2-saturated brine in two limestone 
samples at two different flow rates for a period of two hours (Figure 2.8). Each sample was scanned 
in order to evaluate the changes on porosity, permeability and reaction rate. It was concluded that 
injection flow rates play an important role during rock dissolution process. The flow rate 0.5 
ml/min produced higher alterations of porosity and permeability than the flow rate of 0.1 ml/min. 
 
Figure 2.8 Pore velocity Uav is coloured using a linear scale where low velocity is blue, medium 





Gouze and Luquot (2011) concluded that the experiment performed with a low Damkӧhler 
in which the dissolution was homogeneous resulted in a decrease in tortuosity, while the 
experiment carried out with higher Da (heterogeneous porosity development) also resulted in a 
tortuosity decrease, but accompanied by an increase in the hydraulic radius. They proposed a 
porosity-permeability relationship, Equation (2.10), based on a percolation threshold in which a 
critical porosity, 𝞍c: 




)                                           Eq 2.10 
Where α is the power dependence of the relationship that typically varies over time, τ is the 
tortuosity and Bτ is an experimentally determined coefficient. 
2.5.4 Influence of Rock Composition on Dissolution 
 
Rock composition is key in the dissolution process; the way the rock suffers the dissolution 
process is related to the minerals that compound the matrix and the way these minerals will react 
with the different fluids. The kinetics of carbonate (𝐶𝑎𝐶𝑂3) dissolution is very sensitive to the 
surface structure, composition, and physical properties of the crystals (Economu et al., 1996). The 
dissolution rates of carbonates particles decrease with the increase of the particle size. The effective 
diameter of carbonate crystals and activation energies of calcite and dolomite are two important 
parameters affecting acid dissolution rates.   
Yasuda et al. (2013) compared the mass variation rate for a sample with a travertine sample 
composed of 86.53% of carbonaceous mineral of calcite and 13.47% against pure calcium 
carbonate, reacting with hydrochloric acid (2 𝑚𝑜𝑙 𝑥𝑙−1). Results showed that the mass variation 
for both samples can be represented by an exponential decay, but the mass loss for travertine is 
lower than for the pure 𝐶𝑎𝐶𝑂3, due to difference in the consolidation state of the samples and the 
resistance to the flow into the sample pores, which precludes contact between the rock and the 
acidic solution. 
Zekri et al. (2009) evaluated how the amount of calcite present in the rock surface influences 
on the dissolution and precipitation phenomena. Zekri et al. (2009) compared the petrophysical 





calcium) which are affected by CWI. Results showed that the sample permeability C-S1 had an 
increase in relation to its initial value, meanwhile the sample D-S4 exhibited permeability losses 
of 65%. The authors concluded that calcite dissolution is the major reason for evolution of 
permeability and precipitation of the calcite can be able to plug the flow channels and impairs the 
permeability indicating that the permeability alteration due to rock–𝐶𝑂2–water interaction is not 
consistent and could change from one part of the field to another. 
Pokrovsky et al. (2005) concluded that the calcite presents a higher dissolution rate in 
comparison to dolomite. The authors reported 1.70e-08 
𝑚𝑜𝑙 𝑥 𝑠𝑒𝑔
𝑐𝑚2
 as dissolution rate for calcite, 
while the dolomite 1.02e-09 
𝑚𝑜𝑙 𝑥 𝑠𝑒𝑔
𝑐𝑚2
, under same conditions of pressure and temperature. 
2.5.5 Influence of Water Composition on Dissolution 
 
There are two major aspects to consider during rock-water dissolution. The first aspect deals 
with the equilibrium of calcium carbonate in water. Equilibrium reactions are generally based on 
water characteristics such as pH, alkalinity, and calcium concentration, and are represented in terms 
of saturation index (SI). This parameter, SI, defines the water's ability to deposit or dissolve calcium 
carbonate. The second aspect of involves the solution kinetics of calcium carbonate. In other words, 
an attempt must be made to define the rate at which calcium carbonate is dissolved or deposited 
from specific water under specific environmental conditions.  
Den Ouden et al. (2013) measured the calcium concentration in effluents for three chalk 
samples under CWI process with different brines varying the NaCl concentration.  
Results showed that the brine effluent with lower concentration (500 ppm) of 𝑁𝑎𝐶𝑙 
presented a higher concentration of calcium in comparison with brines with high 𝑁𝑎𝐶𝑙 
concentration, Figure 2.9. This effect is concerned to the fact that high 𝑁𝑎𝐶𝑙 concentration 
promotes the increase in the ionic strength of the solution, i.e. there is more electrostatic attraction 
between the layers of water increasing its viscosity. Carbon dioxide is non-polar, so by increasing 





Figure 2.9 Calcium concentration during CWI with different NaCl concentrations.          
(Den Ouden, 2013) 
Izgec et al. (2005) evaluated the effect caused on permeability of carbonate samples induced 
by variation of sodium bromide in CWI. Three waters with different concentration of sodium 
bromide (0%, 2,5 %, 5%), at 18°C and 60 ml/min were tested. The results showed that the sample 
flooded with 0% had a permeability increase of 40%, compared to the other salinity cases, where 
the increase reached only 20%.  Den Ouden et al. (2015) reported that there was an increment on 
amount of calcite dissolved by low salinity water. Experiments also confirmed that the calcite 
dissolution also occurs if oil is present in the porous media, but the dissolved amount was lower 
than in single-phase coreflood experiments. The increase in salinity of the injected brines, due to 
calcite dissolution, was not significant in these cases. However, calcite dissolution resulted in a 















3 MATERIALS AND METHODS 
 
This chapter describes the equipment and materials used in this research. First, the detailed 
description of the device employed on the core flooding tests is presented. Next, the procedure for 
rock and fluid characterization is described.  Finally, the experimental procedure used in the tests 
is detailed. 
3.1 Carbonated Waterflooding Laboratory Set-Up 
 
Core flooding tests were performed in an apparatus whose scheme is shown in Figure 3.1. 
The experimental setup is composed basically by the following devices: positive displacement 
pump and vacuum pump, accumulators, coreholders, pressure transducers, backpressure system, 
valves, tubes.   
                                        
 
                      Figure 3.1 Schematic Carbonated Waterflooding laboratory Set -Up. 
 
The carbonated water prepared previously and stored in the accumulator is pumped and 
heated up, according to the test procedure and particular conditions, via steel the tubing and valves 




































wrapped with a thermal blanket controlled by an electronic device. Sample cores were placed in 
the coreholder after being covered with an aluminum paper and a thermoplastic sleeve in way to 
protect the Viton sleeve for the possible wear caused by the carbonated water. A micrometer valve 
was used between the two coreholders to allow collecting of water samples, which were analyzed 
by an ion chromatographer. Pressure transducers were connected to each coreholder in order to 
record the pressure drop data during the test. The backpressure system also had a pressure 
transducer in order to control the outlet system pressure. The backpressure provided by the nitrogen 
supply via the Teflon diaphragm maintains the 𝐶𝑂2 in solution. The coreholders set-up was placed 
inside the X-ray tomographer for image acquisition of the rock cores during displacement. The 
description of the system components follows. 
3.1.1 Positive Displacement Pump 
 
High-pressure positive displacement pumps had been used extensively worldwide in 
petroleum research and fluid property measurement laboratories. These instruments also serve for 
numerous other applications where precision is required for metering and dispensing gases and 
liquid. One of the most important parameters during operating is to guarantee continuous flow rate; 
in the majority of the experiments this flow rate must be constant during the process to accurately 
determine the pressure changes in the porous medium while the fluids are passing through the core. 
 A DBR pump supplied by Schlumberger, Figure 3.2, was used during all waterflooding 
tests, fluid viscosity and density measurements. DBR pump works in two operation modes 
(constant pressure or constant flow). The technical specs include a maximum operating pressure of 
20.000 psi, total pump volume of 500 𝑐𝑚3and the maximum displacement rate of 1000 
cm3 hr ⁄ with a flow rate accuracy of +/- 0.02%.  
 





3.1.2 Vacuum Pump 
 
 An Oerlikon Trivac da Leybold vaccum pump (Figure 3.3) was used during two important 
stages in the work. The first one refered to core saturation process: core samples were submited to  
vacuum in order to remove gas and ensure a better saturation of fluids. The second one is concerned 
to syntectic brine preparation and the role of the vacuum process is to remove the possivel presence 
of gases in order to ensure just one phase during the coreflooding. Technical of the pump include 
a nominal pumping speed of 22.7 𝑚3 ℎ𝑟 ⁄ , an ultimate partial pressure without gas ballast of 
10−4 𝑚𝑏𝑎𝑟.  
 





 Coreholders are the heart in the carbonated waterflooding laboratory set-up.  They are 
metallic cells on which core samples are placed and confined. Due to the acidic nature of 
carbonated water, all coreholders were designed and made of special materials. The coreholder 
body was constituted by aluminum for compatibility with the X-rays used in tomography. The caps 
are composed by stainless steel 316L, a material resistant to corrosion and able to withstand a 
working pressure of up to 12.000 psi and temperatures up to 125°C. Figure 3.4 shows the detailed 
coreholders drawings. The coreholder has inlet and outlet connections of 1/8” for injection and 
production fluids Extra ports are used to control variables as the overburden pressure and 







                
 
 




Injection fluids used in the core flooding tests were stored in steel accumulators equipped 
with a floating piston (Figure 3.5). Floating piston separates the hydraulic fluids used in the positive 
displacement pump, fluid to be injected into the cores through the tubing network. The maximum 
working pressure of the accumulator is 12.000 psi and the maximum operating temperature is 
120°C, with a volume capacity of 750 𝑐𝑚3.  
 
 















3.1.5  Back Pressure system 
 
There is a need to ensure a single phase condition for the fluids flowing through the core 
sample during carbonated water injection in order to avoid two-phase effects. That is the role of 
the backpressure system. Figure 3.6 shows the backpressure setup, which operates on the principle 
of pressure balance. The dome chamber is charged with a compressible gas, supplied by a nitrogen 
bottle. In order to reach production, the production fluid need to overcome the desired pressure 
exert by the nitrogen over the diaphragm, thus pushing the diaphragm allowing the contact between 
the production fluid and the outlet port. 
 
 
Figure 3.6  Back Pressure Valve.  
 
TEMCO BP-100 Back pressure valve was used on the tests and its technical specs include 
a working pressure of 10.000 psi, a working temperature of 177°C. 
 
3.1.6 Pressure Data Acquisition 
 
Pressure transducers were used for measuring pressure in the configuration of differential 
pressure measurements. It consists in a sensor cell mounted to receive simultaneously two 
pressures, one in each side of the cell, sense the pressure difference between the two side and 
convert it to an electric sign that is read by external digital instruments. For the laboratory setup, 
three differential pressure transducers were used. Two of them for measuring pressure drop across 
the core samples, one for each coreholder, connected to the coreholder inlet and outlet flow lines. 





The nVision Reference Recorders made by Crystal Engineering Corporation (see Figure 
3.7) were used in the setup experiment. The technical specifications include: working pressure up 
to 15 000 psi, up to 0.025% of reading accuracy in the differential pressure mode, it compensates 
accuracy for temperature effects from -20 to 50°C.  
 
             
Figure 3.7  nVision Reference Differential Pressure Transducer .  
 
3.1.7 Temperature controller 
 
In the carbonated waterflooding setup, the coreholders and accumulators had special 
attention to temperature control. Resistance heating jackets were wrapped onto the coreholder and 
the accumulators. A NOVOUS N1040 temperature controller was used (Figure 3.8) with a type J 
thermocouple whose operation range is -50 °C to 760 °C. 
            






3.1.8 X-ray Computed Tomography 
 
A medical tomography Siemens model SOMATOM Spirit (Figure 3.9) was used for 
scanning fluids and cores samples.  
 
Figure 3.9 Siemens Somatom Tomography.   
 
3.2 Rock characterization 
The purpose of this chapter is to describe the basic laboratory measurements of the 
petrophysical properties of the rocks used. 
3.2.1 Sample Spadework  
Dolomite core samples originated from Thornton (USA) outcrop were chosen to perform 
the carbonated waterflooding experiments. Figure 3.10 shows the core sample in its furnished form, 
whose dimensions are 40 cm in length and 3.8 cm in diameter. 
 





Once the furnished core was selected, it was cut in 7 samples of 5 to 6 cm in length and 3.8 
cm diameter. After the cutting process, the samples were submitted to cleaning, in order to remove 
possible organic and inorganic compounds from the porous media. Samples were identified for the 
further characterization and research development.  
 
3.2.1.1 Sample Cleaning  
The core cleaning process is said to be successful when all the contaminants are removed 
from the surface of the rock leaving it strongly water-wet (Gant and Anderson-1986). Core cleaning 
is mostly a trial-and error process where the selection of the best solvents to be used greatly depends 
on the experience with particular rocks. It has been shown that mixtures of solvents work better 
than single solvents (Gant and Anderson-1986). Common solvent mixtures are 
chloroform/methanol, toluene/methanol, toluene/ethanol, benzene, and carbon disulphide among 
others.  
Taking into account the origin of the core, the cleaning was carried out with methanol for 
the removal of salts. The cleaning process was performed following the distillation-extraction 
(Dean-Stark and Soxhlet Figure 3.11) procedure. 
                  






Once the sample is clean, it is removed from cleaning equipment and placed in the oven at 
110 °C for 24 hours to guarantee the complete evaporation of solvent. 
 
3.2.1.2 Cementing core process 
The carbonate cores present a considerable number of micro vugs. This feature combined 
with the operational conditions required for the carbonated waterflooding experiments (high 
overburden pressures and temperature) can trigger damage to integrity of the rubber sleeve used to 
wrap the core during the experiment. It can also protrude part of the rubber into the sample, which 
may alter the petrophysics properties of the sample.  For this reason, a regular cement layer was 
applied to the sample outer contour, in order to seal the vugs. After cementing, the samples were 
sandpapered to remove the potential excessive cement (Figures 3.12-3.13). 
 
  
Figure 3.12 Cemented dolomite samples.  
 
  
Figure 3.13 Dolomite samples after smoothing.  
 
Following, the core mass was determined as well as its dimensions. 
 
3.2.1.3 Analytical Scale 
An OHAUS precision analytical scale model Adventurer Pro (see Figure 3.14) was used 
for core mass determination and salt weighing in the preparation of the synthetic brine. Its specs 






Figure 3.14 OHAUS precision analytical scale.  
3.2.1.4 Caliper 
A Starrett caliper was used to determine cores dimensions (Figure 3.15). Its specs are: 
Range of 0-150mm, graduations of 0.02mm, accuracy of +/-0.025mm per 300mm. 
 
Figure 3.15 Starrett caliper .  
 
3.2.1.5 UltraPore Porosimeter 
The initial porosity of the core samples was measured using an UltraPore Porosimeter - 
UPore 300 of Core Laboratories, seen in Figure 3.17. The instrument utilizes a highly accurate 0-
200 psi transducer with linearity and hysteresis of less than ± 0.11 percent of full scale. System can 









The gas (nitrogen), confined into a vessel at a known pressure, is allowed to expand into 
the chamber and the volume of solids (Vs) is indirectly measured by the pressure drop. The grain 
density is easily calculated from the sample dry mass (M) and Vs. 
3.2.1.6 UltraPerm Permeameter 
The gas permeability was obtained with the digital permeameter Ultraperm-500 (Corelab), 
seen in Figure 3.17, where the core sample is mounted in a Hassler type holder and gas (nitrogen) 
flows through it until steady-state is established. The pressure difference between both upstream 
and downstream ends of the coreholder was obtained from a series of pressure transducers. In 
addition, the flow rate through the sample was obtained from flow meters installed in the flow line; 
once the drop pressure is calculated, the permeability is calculated using Darcy’s law. 
 
 
           Figure 3.17 Permeameter Ultraperm-500 
 
3.2.1.7 X-ray diffractometer 
X-ray diffractometer (Figure 3.18) was used to determine the core sample composition. The 
analysis was realized at Laboratório de Caracterização de Biomassa, Recursos Analíticos e de 
Calibração (LRAC)/School of Chemical Engineering (FEQ)/ University of Campinas 
(UNICAMP). The used X-ray diffractometer PHILIPS X'PERT 1 allows the analysis of the particle 
size distribution for powders, emulsions and spray. Particles with sizes between 0.05 micrometers 
to 900 micrometers can be measured. The technique consists of light scattering (laser of 488nm 
wavelength) by the sample particles, the size being inversely proportional to the deviation of the 





focusing) line focus and (parallel beam) point focus employing two goniometers for each type of 
focus. The line focus is mainly used for general diffraction work and phase analysis. 
 
Figure 3.18  PHILIPS X'PERT 1 X-ray diffractometer.  
 
3.2.1.8 ASAP Analyzer 
The Accelerated Surface Area and Porosimetry (ASAP) analyzer uses the gas sorption 
technique to generate high-quality data for research and quality control applications. The ASAP 
2020 is used to characterize the active and support surfaces of catalysts, to determine the high 
surface areas of adsorbents, and to determine the microporosity and hydrogen storage capacity of 
various nano materials. A ASAP 2020 (seen in Figure 3.19) was used to determine the dolomite 
surface area, value which was used as variable in the geochemical simulations. 
 






3.3 Fluid Preparation  
 
3.3.1 Synthetic Seawater 
A synthetic seawater was used as flooding fluid for all experiments performed in this work. 
Also, the injection fluid used on the coreflooding tests was brine enriched with 𝐶𝑂2.  
 
Synthetic seawater was the base fluid used as saturation liquid to perform the waterflooding 
experiments. Seawater composition was determined based on the composition of Brazilian waters 
offshore Santos.  This seawater composition has been used in many investigation projects 
performed in the Laboratory of Miscible Methods and Recovery (LMMR)/Center for Petroleum 
Studies (CEPETRO) at University of Campinas (UNICAMP) successfully. 
 
Synthetic seawater used the salts and amounts displayed in Table 3.1. 
                                                    Table 3.1 Synthetic Seawater Composition. 
Brine (1.000 mL solution) 
Sodium chloride (NaCl) 31,288 g 
potassium chloride (KCl) 0,781 g 
Magnesium Chloride Hexahydrate (MgCl2 . 6H2O) 0,276 g 
Calcium Chloride Dihydrate (CaCl2 . 2H2O) 5,403 g 
Strontium Chloride Hexahydrate (SrCl2 . 6H2O) 0,018 g 
Potassium Bromide (KBr) 0,107 g 
Sodium Sulfate (Na2SO4) 0,059 g 










The synthetic seawater preparation followed the steps: 
 
1. Use a volumetric flask for mixing 800 ml of deionized water with the salts presented in 
Table 3.1, following the top to bottom order. The Sodium sulfate (Na2SO4) and the Sodium 
Hydrogen Carbonate (NaHCO3) need to be mixed in a different volumetric flask with 200 
ml of deionized water in order to avoid the salt precipitation. Process illustrated in Figure 
3.20A.     
 
2. Once the salts dissolution process is completed in both volumetric flasks, mix them in one 
solution, with the help of a revolving magnetic bar during 30 minutes. 
 
3. Filter the brine solution using a 0.22 micrometers filter and a borosilicate filter in a vacuum 
system to remove possible presence of contaminant particles, as illustrated in Figure 3.20B. 
 
4. After the filtration process was concluded, an air removal procedure is done with the brine 
placed in a Kitasato flask and connected to the vacuum pump during 60 minutes, as shown 
in Figure 3.20C. 
  






Figure 3.20C  Air removal procedure.  
3.3.2 Carbonated Water Composition 
The carbonated water was prepared based on 𝐶𝑂2 solubility in seawater with salinity of 
approximately 38 kppm (3.8 %wt). The preparation was performed in two steps. First, the solubility 
of 𝐶𝑂2 at reservoir conditions (8500 PSI@70°C)was determined. An online software 
(http://models.kl-edi.ac.cn) that reported the molality of 𝐶𝑂2  under specific conditions for 
temperature, pressure and brine weight percentage was used in the calculation. Results for reservoir 
conditions are reported in the screenshot of Figure 3.21. 
 
 
Figure 3.21 Molality of CO2 at reservoir conditions . (http://models.kl-edi.ac.cn.) 
 
Once 𝐶𝑂2  molality value was found, the second step consisted in finding out the volume 
of 𝐶𝑂2  necessary to be injected in 750 𝑐𝑚
3  of brine to reach a carbonated water with 21.5% mol 
















 𝑥0,750 𝐾𝑔 (𝑤𝑎𝑡𝑒𝑟):   0.24990 𝑚𝑜𝑙𝐶𝑂2  








𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂2 𝑡𝑜 𝑖𝑛𝑗𝑒𝑐𝑡 : 𝟏𝟐. 𝟒𝟏 𝑐𝑚
3  
 
12.41 𝑐𝑚3  of 𝐶𝑂2  were necessary to be injected in 750 𝑐𝑚
3 of brine to obtain the sought 
carbonated water 
 
For all experiments, the carbonated water preparation was carried following the previous 
procedure. To make the work easing the work at the laboratory conditions and especially for safety, 
the carbonated water was prepared first at 2000 PSI and 20°C and then upgraded to reservoir 
conditions using the same described procedure.  
 
3.3.3 Carbonated Water Preparation 
Based in the results obtained in the carbonated water composition calculation, the solution 
was prepared using an apparatus mounted according to the schematic shown in Figure 3.22. Figures 
3.23 and 3.24, picture the mechanic agitator and backpressure system, respectively. Carbonated 


















                      Figure 3.22 Schematic of  the carbonated water preparation setup.  
 









 Fill a floating-piston accumulator with 𝐶𝑂2  until 2000 psi. 
 Filled a floating-piston accumulator with 750 cm3  of brine (synthetic seawater).  Note: the 
accumulator used had a fluctuating metal sphere in its interior to promote complete 𝐶𝑂2  
solubilization in the brine, through mechanical agitation. 
 Connect a positive displacement pump to the 𝐶𝑂2  accumulator; the pump will inject 𝐶𝑂2  
at constant pressure (2000 psi) through the tubing network into the brine accumulator.  
 Connect the back pressure system at the top of brine accumulator to maintain 𝐶𝑂2  pressure 
always above 2000 psi. The back pressure system set to 2002 psi. 
 Once the systems are connected, inject a volume of 12.29 cm3 of C02 into the   brine 
accumulator. 
 Finally, wrap the brine accumulator with the resistance heating jacket and set the 
temperature controller at 70 °C. Pressurize the system at the desired conditions.  
 
 
         Figure 3.23 Mechanical agitator                               Figure 3.24 Back Pressure system 





 Place the brine accumulator in the mechanic agitator and let it agitate for 24 hours to ensure 
complete 𝐶𝑂2  solubilization. 
3.4 Fluid Characterization  
3.4.1 CT Measurement for Fluids 
The CT number is related to the X-ray attenuation coefficient of the material contained in 
the voxel. The degree of X-ray attenuation is determined by the average energy of the X-ray beam 
and the effective atomic number; it is expressed by the attenuation coefficient.  
CT measurements were performed in order to determine the attenuation coefficient values 
for brine, carbonated water, and nitrogen at the different experimental conditions. The CT values 
were used for porosity calculation based in the X-ray Computed Tomography. Three different 
conditions were used for CT measurements of brine and carbonated water: pressures of 8500, 8250 
and 7500 psi at 70°C. For nitrogen, the measurement was performed at 500 psi (injection pressure) 
and 70°C. Specially designed devices were used inside the coreholder to carry the measurements 
on plain fluids: brine, carbonated water and nitrogen. They were annular cylinders drilled from 
aluminum rods (Figure 3.25) and Teflon rods (Figure 3.26). The device was mounted inside the 
coreholder, filled and pressurized with the fluids at the conditions mentioned previously (Figure 
3.27). The pieces were used in the seek to minimize CT reconstruction errors at the experimental 
conditions.  
     
 Figure 3.25 Aluminum cylinder used for CT measurements of brine and carbonated water.  
             





                    
                   Figure 3.27 CT image of the Aluminum cylinder placed in the coreholder.  
3.4.2 Density Measurement of Fluids 









    Figure 3.28 Setup schematic for fluid density measurements.  
 
Fluid density measurements followed the steps: 
 
1. Connect the back pressure system to the density meter outlet (critical to guarantee the 𝐶𝑂2  
solubility in the carbonated water case). Set the back pressure system to desired pressure. 
 
2. Fill the equipment tubing network with deionized water with help of the positive 
displacement pump until reaching the desired pressure. 
 
3. Once the desired pressure has been reached, close the inlet and outlet ports of the density 
meter. 









4. Connect the fluid accumulator, previously heated, to the density meter inlet port and raise 
the pressure inside the equipment. Once the pressures are the same, open the inlet and outlet 
ports valves. 
 
5. With the help of the positive displacement pump, working at constant pressure, inject 10 to 
15 𝑐𝑚3 of the fluid in order to saturate the tubing network and displace the deionized water. 
 
6. After removing the deionized water, close the inlet and outlet equipment valves, and wait 
for the equipment to reach the desired temperature to read the density value.  
 
 
3.4.3 Viscosity Measurement of Fluids 
Viscosity measurements were performed using VISCOlab PVT-High Pressure Viscometer 
(Cambridge equipment) (Figure 3.29).  The viscosity value for carbonated water and brines was 
expected to be close to 1 cp. For this reason, the piston with measurement range of 0.2-2 cp was 
selected.  
 
Fluids viscosity measurements followed the next steps: 
1. Connect the back pressure system to the viscosity meter outlet (critical to guarantee the 𝐶𝑂2  
solubility in the carbonated water case). Set the back pressure system to desired pressure. 
 
2. Fill the equipment tubing network with deionized water using a positive displacement pump 
until reaching the desired pressure. 
 
3. Once the desired pressure has been reached, close the inlet and outlet ports of the viscosity 
meter. 
 
4. Connect the fluid accumulator, previously heated, to the viscosity inlet port and raise the 
pressure until the pressure inside the equipment. Once the pressures are the same, open the 






5. Using a positive displacement pump, working at constant pressure, inject 10 to 15 𝑐𝑚3 of 
fluid, in order to saturate the tubing network and displace the deionized water. 
 
6. After removing the deionized water, close the inlet and outlet equipment valves, and wait 











    Figure 3.29 Setup schematic for fluid viscosity measurements.  
 
3.4.4 Chromatography of effluents 
Chromatography analyses were performed in the water samples that were taken at both 
collect outputs of the system during the experiment. The first collect output point was placed 
between the coreholders. For sample collecting, a micrometer valve was used in order to control 
the volume of sample. The second collect point was at the system line end, placed at the back 
pressure system. Once the samples were taken, the chromatography analyses were performed at 
(LRAC)/School of Chemical Engineering (FEQ)/ University of Campinas (UNICAMP).  
 
Chromatography measurements followed the next steps: 
1) Cations Standard Sample. 





With the aid of a micropipette (100-1000 µL), 1000 µL of standard solution was 
transferred to a volumetric flask (50 mL)., The rest of volume was completed with 
Milli-Q water (standard cations stock solution). 
A 1000 μL aliquot of the standard stock cation solution was transferred to a 10 mL 
volumetric flask with the aid of a micropipette (100-1000 μL). The volume was 
completed with Milli-Q pure water, the resulting solution was filtered with 0,22 µm 
and taken for analysis. 
 
2) Anions Standard Sample. 
With the aid of a micropipette (100-1000 µL), 1000 µL of standard solution was 
transferred to a volumetric flask (50 mL) The rest of volume was completed with 
Milli-Q pure water (standard stock anion solution). 
A 750 μL aliquot of the standard stock cation solution was transferred to a 5 mL 
volumetric flask with the aid of a micropipette (100-1000 μL). The volume was 
completed with Milli-Q pure water, the resulting solution was filtered with 0,22 µm 
and taken for analysis. 
 
3) Samples Preparation. 
With the aid of a micropipette (100-1000 µL), 500 µL of standard solution was 
transferred to a volumetric flask (10 mL), the rest of volume was completed with 
Milli-Q water (standard stock anion solution). 
A 750 μL aliquot of the standard stock solution cations was transferred to a 5 mL 
volumetric flask with the aid of a micropipette (100-1000 μL), the volume was 
completed with Milli-Q water, the resulting solution was filtered with 0,22 µm and 
taken for analysis. 
 
The following chromatographic equipment and materials were used: 
 
- Dionex™ ICS-5000+ Capillary HPIC™ System; 





-Multications standard sample six components 1000 ppm (ammonium, Calcium, Lithium, 
Magnesium, Potassium, Sodium), Specsol-lot F16C0093C. 
 -Multianions standard sample 1000 ppm (Chloride, Fluoride, Phosphate, Nitrate, Sulfate), 
Specsol-lot F16B0572C. 
3.5 Rock Characterization  
3.5.1 Initial Porosity Determination 
Initial porosity measurements were performed in the core samples after the cleaning, drying 
and cementation procedures. These measurements were carried out in order to know the initial 
porosity for classification and selection of the samples that would be used in the carbonated 
waterflooding experiments. Testing was conducted in UltraPore Porosimeter - UPore 300 for 
porosity measurements using nitrogen and the porosity calculation is based in the Boyle´s law 
double-cell method that allows calculating grain volume. The main advantages of the method 
include:  
-The sample is not damaged in any way and can be used for other measurements. 
-The operation is very quick, simple and has excellent repeatability. 
-Irregular-shaped samples and vuggy cores can be tested. 
  
The porosity measurements followed the next steps: 
1. Use the caliper to determine core dimensions (length and diameter). 
2. Determine the sample dry weight by the analytical scale. 
3. Realize the calibration of the equipment based in the sample diameter. 
a. Note: calibration is performed with solid stainless steel cylinders of know volume. 
Stainless steel cylinders are selected based in the sample diameter. 
4. Once the equipment calibration shows a standard deviation close to 1, porosity can be 
measured. The core plug is placed in the sample chamber; nitrogen is admitted into the 
reference chamber at predetermined pressure, typically 180-200 psi. About 45 seconds 
should be allowed for pressure equilibrium and then P1 (pressure indicated by the 
transducer digital readout) should be recorded. The gas is then allowed to expand into the 





equilibrium. The grain volume is calculated using the pressure drop produced during the 
nitrogen expansion in the chamber sample (Figure 3.30). 
 
             Figure 3.30 Computer interface for porosity measurements.  
 
3.5.2 Gas Permeability Determination 
Permeability was also determined in order to classify and select the samples that would be 
used in the carbonated waterflooding experiments. Permeability measurements were performed 
using the permeameter Ultraperm-500, using Darcy’s law.  
The permeability measurement process followed the next steps: 
1. Place sample in the Hassler cell (1.5 inch) (Figure 3.31). 
2. Set the overburden pressure to 600 psi with the aid of the manual hydraulic pump 
(Enerpac). 
3. Connect the upstream and downstream flow lines to the Hassler cell, to allow the gas to 
flow through the core sample. 
4. Inject nitrogen into the core sample using the pressure control valve, register the drop 
pressure along the sample read by the digital pressure transducer.  
5. Once gas (nitrogen) flowed through the sample and steady-state is established, calculate 







Figure 3.31 Hassler ce ll configuration .  
3.5.3 Core X- ray Diffractometry 
X-ray diffractometry is one of the techniques for quantitative and qualitative analysis of 
crystalline phases in materials, both natural and artificial. For a small area, XRD measures the 
intensities of a reflected beam and calculates the atomic-level spacing of the crystals. XRD 
technique was used to determine the core sample composition. XRD analysis was performed at 
(LRAC)/School of Chemical Engineering (FEQ)/ University of Campinas (UNICAMP).                           
 XRD analyses followed the steps: 
 
1. The sample was macerated to convert it in dust; the process was performed with the aid 
of an Agate mortar (Figure 3.32).   
2. The equipment sample holder was filled with the dust obtained in the previous step, and 
placed in the diffractometer. A Philips X’PERT MPD diffractometer was used for 
perform the analysis (Figure 3.33).   
                                 







          Figure 3.33  XDR analysis equipment.  
3.5.4 Solid Surface Analysis by Nitrogen Adsorption 
An Accelerated Surface Area and Porosimetry analyzer (ASAP) was the equipment used to 
determine the dolomite surface area, value which was used as input parameter in the geochemical 
simulations. The sample is placed in the sample holder and submitted to vacuum (10 Hrs at 90°C) 
and coolling with liquid nitrogen Then the sample was exposed to analytical (𝑁2) gas in a series of 
different controlled pressures. At each pressure increment the amount of gas molecules that are 
adsorbed physically increases and this parameter is related to the volume of adsorbed gas and the 
surface area of the sample. The area is calculated automatically through mathematical equations 
by the equipment software. The analysis was performed at (LRAC)/School of Chemical 
Engineering (FEQ)/ University of Campinas (UNICAMP). 
 
3.5.5 Porosity Evolution Using  X-ray Computed Tomography 
Core sample porosity evolution and fluids attenuation coefficients were evaluated by X-ray 
computed tomography. Data generated by computed tomography was separated in transversal 
sections along the sample. Each section represents an image formed by pixel 512 x 512 matrix. For 







       Figure 3.34 Image analyzed using MATLAB.  
 
Porosity determination requires data of the dry and saturated images of the sample. The 
procedure for porosity evaluation follows the next steps: 
1. Perform the analysis using the MATLAB routine. 
2. Obtain the attenuation values for each image: the dry sample attenuation value 
(𝐶𝑇𝐷𝑟𝑦)  and saturated sample attenuation value (𝐶𝑇𝑆𝑎𝑡). at each pixel point. 
3. Calculate the attenuation value for the fluid, by the equation: 
 
𝐶𝑇𝐹𝑙𝑢𝑖𝑑 =



































For the experiments of carbonated water waterflooding, the porosity evolution was 
determinate by the equations: 
𝐶𝑇𝐷𝑟𝑦−𝑁2 =  𝐶𝑇𝑅𝑜𝑐𝑘 (1 − ∅𝑖) + 𝐶𝑇𝑁2 ∗ ∅𝑖       
 
 Eq 3.4 
𝐶𝑇𝑆𝑎𝑡−𝑆𝑤 =  𝐶𝑇𝑅𝑜𝑐𝑘 (1 − ∅𝑖) + 𝐶𝑇𝑠𝑤 ∗ ∅𝑖     Eq 3.5 
 






 Eq 3.6 
  𝐶𝑇𝑅𝑜𝑐𝑘 =





      𝐶𝑇𝑆𝑎𝑡−𝐶𝑂2 =  𝐶𝑇𝑅𝑜𝑐𝑘 (1 − ∅1) + 𝐶𝑇𝐶𝑂2 ∗ ∅1      





∅1 =  
𝐶𝑇𝑆𝑎𝑡−𝐶𝑂2 − 𝐶𝑇𝑆𝑎𝑡−𝑠𝑤 − ∅𝑖 ∗ (𝐶𝑇𝑅𝑜𝑐𝑘 − 𝐶𝑇𝑠𝑤)
𝐶𝑇𝐶𝑂2 − 𝐶𝑇𝑅𝑜𝑐𝑘 
 
 





3.5.6 Dissolved Moles 
Dissolved moles were calculated based on porosity values of each sample, outcrop rock 
properties and samples dimensions. Dolomite initial moles were determined following the next 
mathematical development:  
 
First, the total sample volume was calculated, where 𝑙 is sample length and 𝐷 the diameter. 
 
𝑉𝑇 = 𝜋 ∗ 𝑙 ∗
𝐷2
4
      
 
 Eq 3.10 
 





      
 
 Eq 3.11 
 
Once the desired cell volume was found, the grain volume (dolomite volume) for each cell 
volume was calculated. ∅𝑥 correspond for porosity value determinate for each image 
 
𝐷𝑜𝑙𝑉𝑜𝑙 =  𝑉𝑐𝑒𝑙𝑙 − (1 −  ∅𝑥) 
 
 Eq 3.12 
 
From dolomite volume and knowing the dolomite density, the dolomite mass in each cell 
can be calculated by 
 





 Eq 3.13 
 
Finally, the dolomite moles were calculated using the dolomite molar mass and the dolomite 
mass. 
 














3.5.7 Permeability Evolution 
 
Permeability values were calculated through the pressure drop values obtained from the 
pressure transducers installed for each coreholder and using Darcy`s law (Equation 3.15). Regular 
recording of the pressure drop values was performed at every minute throughout the test.  
 
𝐾𝑀𝑑 =  245.6 ∗ (
𝑄 ∗ 𝜇 ∗ 𝐿
𝐴 ∗ ∆P
) 
 Eq 3.15 
 
where: 
Q= Flow water (cm³/min). 
𝜇= Viscosity (Cp). 
L= Sample length (Cm). 
A = Transversal sample area (cm²). 




3.6 Coreholder Commissioning   
The dimensioning and positioning the experimental setup on the tomographer table was 
conducted according to the space available to perform CT-scan. First, the coreholders were placed 
in the tomographer table and fixed up to guarantee the same position during the whole experiment. 
A comparator gage (Figure 3.35) was used to centralize the coreholders in accordance to the X-ray 
beam incidence.  
 
With coreholders placement defined, a topogram scan was carried out, as seen in Figure 
3.36, providing data to create the scan protocol within the limitations of the tomographer. Also, the 
alignment and spacing between coreholder 1 and coreholder 2 was established in order to improve 
resolution and to reach a maximum number of images for reconstruction. Each coreholder was 






           Once the coreholders were positioned, the steel tubing network was arranged to connect the 
equipment. Two main tubing networks were assembled. The main one connecting the fluid 
accumulators with the coreholders the coreholders themselves and with the backpressure system at 
setup exit (Figure 3.37).The auxiliary tubing network was a bypass to the system. The bypass 
tubing is used to saturate from both ends and to remove possible air left in the tubing network. 
Also, the bypass is used to flow fluid until steady state is reached prior to the waterflooding 
experiment. During this last procedure the coreholders were isolated to avoid that the sample get 
in contact with some contaminant present in the tubing network. The lines and valves were placed 
in positions also looking to aspects of minimizing dead volume and avoiding heat loss to the 
external medium (Figure 3.38). 
 
  Figure 3.37 Coreholders connected by tubing.  
  







               
      Figure 3.38 Thermal isolation of the tubing network.  
 
3.7 Sample Commissioning 
Once the core sample is completely prepared (after cleaning-drying-cementing-sandpaper 
work) and characterized (for dimensions-porosity-permeability) process described in the previous 
section, it is ready to be placed and mounted in the coreholder.  For mounting, the sample is 
wrapped with a series of layers in order to isolate and protect the rubber Viton sleeve from the 
corrosive action of carbonated water. The sample is wrapped first with Teflon tape, then an 
aluminum paper sleeve is placed around the sample and, at last, a thermoplastic sleeve wraps the 
sample. Figure 3.39 shows the procedure described. Once the sample is isolate, it is placed in the 
coreholder. 
After the sample is placed into the coreholder, deionized water was introduced into the 
overburden until the pressure reached 2500 psi, with the aid of a positive displacement pump. A 
resistance heating t jacket is wrapped around the coreholder in order to heat the complete system 
to 70°C. The vacuum pump is connected to the injection port of the coreholder cap, in order to 





      
Figure 3.39 Sample isolation process.  
 
   
Figure 3.40 Sample vacuum process.  
 
After the vacuuming process is completed, the coreholders were placed in the tomograph 
table, to proceed the image acquisition. The first step is obtaining the dry sample images; for this 
process, a nitrogen accumulator is connected to the production port, the sample is filled with 
nitrogen until reaching 500 psi. It was verified by software (http://www.peacesoftware.de) that 
nitrogen is in gaseous state at 500 psi and 70°C.  At this point, the system conditions present 2000 
psi of effective pressure, 70°C and ready to begin proceeding with the computed tomography 
(Figure 3.41). Once the sample dry images were acquired, the coreholder is submitted to a new 
vacuum process in order to remove nitrogen and prepare the samples for saturation with seawater. 







             Figure 3.41 Setup for image acquisition.  
 
Once the nitrogen has been removed with the vacuum process, the sample is saturated to 
proceed with the image acquisition. An accumulator is filled with brine, previously prepared. Using 
a positive displacement pump, the brine is injected into the sample at a constant flow rate 
(0.1cc/min). During the saturation process, the overburden and injection pressures were raised 
gradually until an effective pressure value of 2000 psi. A new image is acquired after brine 
saturation is completed. Figure 3.42 illustrates with images of the same section at the dry and 
saturated conditions.  
    
Figure 3.42 Difference Between Dry and saturate Sample.  
3.8 Rock Characterization Results  
 







Table 3.2  Weight and dimensions of plugs. 
SAMPLE Weight  (Gr) Diameter (Cm) Length (Cm) 
RV4 133.2278 3.8 4.9 
RV6 132.9895 3.8 4.9 
R2N 169.3949 3.8 6.1 
      R4N 167.8410 3.8 6.1 
R1N 169.9081 3.8 6.3 
R3N 173.1173 3.8 6.3 
 
 Porosity and permeability samples results are presented in Table 3.3. 
Table 3.3  Porosity and permeability of samples. 
SAMPLE Porosity (%) Permeability (mD) 
RV4 15.905 252 
RV6 15.913 215 
R2N 13.797 139 
R4N 13.862 128 
R1N 15.452 227 
R3N 13.828 159 
 
 
 The experimental conditions for the XDR tests are presented in Table 3.4. Figure 3.43 





one is the standard for dolomite X-ray diffractogram and the other is the X-ray diffractogram 
Obtained for sample 1.  
 















DRX_092 5 90 0,020 0.0166 1,20 84.34 
 
 
        Figure 3.43  X-ray diffractogram of sample 1.  
 
 






Based in the comparative image presented in Figure 3.44, it was concluded that composition 
of the sample 1 is 100% dolomite. The result is confirmed by semiquantitative analysis provided 
by software X ́PertHighScore, Figure 3.45. 
 
 
Figure 3.45 XRD results by software X ́Pert HighScore.  
 
 
Dolomite surface area results are presented in Table 3.5 The scatter plot corresponding to 
the BET curve for dolomite is presented in Figure 3.46. 
 
 
Figure 3.46 Scatter plot of BET curve for dolomite.  
 
Table 3.5 Dolomite surface results. 











3.9 Fluids Characterization Results  
 
Viscosity and density measurements for carbonated water and brine (at different conditions) 
are presented in Tables 3.6-3.7, respectively. Figures 3.47 and 3.48, shows the plot of viscosity and 
density against pressure for carbonated water and brine, respectively. 
 
Table 3.6 Brine Characterization Results. 






Brine 38 kppm 
 
70 
8500 0.418 1.0252 
8250 0.418 1.0241 
7500 0.417 1.0219 
 
Table 3.7 Carbonated Characterization Results. 








water 21,5 % 
 
70 
8500 0.423 1.02950 
8250 0.423 1.02846 








Figure 3.47 Viscosity and density against pressure for carbonated water.  
 
 
Figure 3.48 Viscosity and density against pressure for brine.  
 
For CT analysis, two types devices were used in order to attend operational conditions 
required in the system. The aluminum cylinder was used for the brines and carbonated water, due 
to pressure conditions performed in the tests. The Teflon cylinder was used in the Nitrogen case. 






























































Table 3.8 Attenuation coefficient for Brine. 
FLUID Temperature (°C) Pressure 
(psi) 
Attenuation Coefficient, CT 
(HU)  
 







Table 3.9 Attenuation coefficient for carbonated water.                              
 
Table 3.10 Attenuation coefficient for Nitrogen. 
FLUID Temperature (°C) Pressure 
(psi) 
Attenuation Coefficient, CT 
(HU)   
N2 70 500 -748 
 
3.10 Carbonated Waterflooding Experiment Description  
 
Experimental setup was assembled on the tomograph table, in order to proceed with 
acquisition images. CT scans were performed at established times. The images acquisition took 
approximately 2 minutes for each coreholder, the distance between each image was at every 1 
millimeter.  
 
FLUID Temperature (°C) Pressure 
(psi) 
Attenuation Coefficient, CT 
(HU) 
 










The experimental procedure followed the next steps: 
             












Figure 3.49 Valves positioning at the flooding laboratory set -up. 
 
1. The first step was the sample saturation with the synthetic seawater. The saturation process 
was performed for each coreholder separately. At this point, the vacuum process had 
already been executed in both coreholders. 
 
Coreholder 1 Process  
– Close valves V3-V6-V7-V11. 
– Open valves V1-V2-V10. 
 
Program the positive displacement pump to inject the carbonated water at 0.1cm³/min the 
desired pressure. Once the pressure has been reached, close valve V10. 
Coreholder 2 Process  
– Close valves V4-V8-V9-V13-V14. 
– Open valves V1-V2-V3-V12. 
 
Program the positive displacement pump to inject the carbonated water at 0.1cm³/min until 



















---- Bypass Flow 
network 









2. After saturation process was completed in both coreholders, it is necessary to achieve the 
steady-state through bypass flow. In order to conduct this process, it is need close the 
following valves. 
– Close valves V10-V11-V12-V13-V14. 
 
Program the positive displacement pump to inject the carbonated water at 2cm³/min through 
the bypass network, system pressure will increase and flow once the pressure set in the 
backpressure has been exceeded. After steady-state flow has been reached, the bypass is closed by 
valves V3-V4. Both coreholders shall be opened simultaneously, allowing the carbonated water 
entry into the samples, by opening valves V10-V11-V12-V13-V14. 
 
3. In pre-established times, CT scan are performed in each coreholder. 























4 CARBONATED WATERFLOODING RESULTS 
 
This chapter presents the results of the carbonate waterflooding experiments. Results 
include the porosity changes, dissolved moles, permeability changes, ionic chromatography and 
dissolved mass for three tests with different approaches.  
 
4.1 Experiment #1 – Dissolution Near To Wellbore 
This first test was carried out in order to mimic the rock dissolution that can occur near the 
wellbore due the carbonated water injection. Experiment was performed under the experimental 
conditions shown in Table 4.1. 
 
Table 4.1 Experimental conditions of Test 1. 
Variable Experiment 1 
Injected Fluid Brine 38 kppm 21,5% CO2 
CW pH 3 
Flow Rate 2 cm³/min 
Injection Pressure 8.500 psi 
Overburden Pressure  10.500 psi 
Temperature 70°C 
 
A total of 17 CT-scans were performed for each coreholder during the coreflooding test. 
Each scan provided 46 images. Images were treated by a Matlab routine and Osiris software, in 
order to determine the attenuation coefficient and subsequently the porosity values.  
The process to determine the porosity for each image was descripted in chapter 3.5 (porosity 
evolution using X-ray computed tomography). Ninety one pore volumes of fluid were injected into 
coreholder 1 during approximately 720 minutes during the test. In the second coreholder, a total of 
105 pore volumes were injected. Sample identified as RV4 was tested in coreholder 1, while sample 
RV6 was tested in coreholder 2.  
Table 4.2 shows the porosity and permeability initial values calculated for each sample. 





respectively. Figures 4.1 and 4.2 display the porosity evolution for RV4 (CH1) and RV6 (CH2), 
respectively. Uncertainties for porosity and permeability were calculated based a standard 
deviation, in the case of porosity was calculated and reported an error of ± 0.01 % in the values 
measured, in the case of the permeability the error was ± 8 mD. 
 
  Table 4.2  Initial porosity and permeability - Experiment 1. 
Sample Porosity (%) Permeability (mD) 
RV4 15.905 252 
RV6 15.913 215 
 

























Figure 4.1 Porosity evolution in sample RV4 -CH1. 
 









































Figure 4.2 Porosity evolution in sample RV6 -CH2. 
 
















































Figure 4.4 Evolution of dissolved moles Sample RV6 -CH2. 
 
The porosity distribution along the sample length is plotted in Figure 4.5 for sample RV4 
tested in coreholder 1. The changes in the local values of porosity appear at the curves obtained for 
different times in the test. Departing from the reference curve for the initial condition, the plot 
shows the evolution in porosity after 2.5 PVI, 5.1PVI, 88 PVI and 90 PVI. A similar plot is shown 


























Figure 4.5 Porosity variation along sample RV4 CH1.  
 
 






















Porosity Variation RV4 - CH1















Porosity Variation RV6 - CH2






       Figure 4.7 Permeability variation RV4 CH1.  
 























































4.1.1 Experiment #1 – Statistical Analysis 
A statistical analysis was performed on the porosity and permeability measurements, in 
order to check coherence in the acquired data. The analytic techniques known as Dixon test and 
Grubbs test (recommended by ASTM E178) were applied to verify the presence of outliers in the 
dataset, a brief description for these methods is presented in the Appendix A. 
 
4.1.1.1 Statistical Analysis for Porosity Values Coreholder 1 
 
The statistical analysis was carried out for porosity values previously presented in Table 
4.3. For the set of data, the first analytic technique was the Grubb`s test, so, the mean and standard 
deviation were calculate for the set of porosity data as shown in Table 4.5. 
Table 4.5 Mean and standard deviation for porosity in Coreholder 1. 
Mean Standard Deviation 
15.629 0.257 
 
Based in Grubbs method, “T” values were calculated for each porosity value as presented 
in Table 4.6. 
Table 4.6  “T” values for Coreholder 1. 


























Lower Limit Upper limit 
 14.787 16.458 
 
 
Once the “T” values were calculated, they were compared with Grubbs' critical value 
(GCV) presented in the Annex A. The data number totals 18 (N=18) and taking into account that 
the confidence interval is 95%, the GVC=2.5 for these conditions. As none of “T” value was higher 
than GVC value, it can be considered that all the values are part of the set of data. 
 
Tukey test was also applied for this, the first quartile, third quartile and interquartile range 
(IQR) were calculated using an Excel function. The values are presented in Table 4.7. 
 
Table 4.7  Q1, Q3 and IQR values for Tukey´s test in RV4 porosity values. 
 
 
After the first and third quartiles were calculated, limits for moderate outliers and external 
outliers were found, as shown in Table 4.8: 
 




                  
 Comparing the porosity values versus the limits established for moderate and external 
outliers, just two values were out of the reference range as shown in Table 4.9. These outliers  
correspond to the maximum and minimum values of the data set. 
 
Table 4.9 RV4 porosity values and limits for moderate and external outliers. 
PVI Porosity   
0 15.580   
2.6 15.136 Outlier 
5.2 15.481   
7.7 15.438   
10.4 15.325   
12.8 15.539   
17.9 15.619   
23.2 15.498   
28.1 15.644   
Quatrile 1 Quatrile 3 IQR 
15.503 15.742 0.238 
Mod. 
Ouliers 
Lower Limit Upper limit 






36.0 15.528   
44.4 15.517   
51.3 15.579   
58.1 15.822   
66.7 15.586   
72.3 16.116 Outlier 
84.7 16.046   
87.0 16.088   
91.2 15.774   
 
 
Eliminating these two values of the dataset, the corresponding plot for porosity is illustrated 
in Figure 4.9. 
Figure 4.9 RV4 porosity scatter plot in Test 1 after outliers were eliminated.  
 
It is interesting to verify that the two values found as moderate outliers in the Tukey´s test 
correspond to the same values found closer to the critical value in Grubb´s test. In this way, it is 























4.1.1.2 Statistical Analysis for Porosity Values Coreholder 2 
The set of data of porosity values for RV6 (CH2) was scrutinized in the same procedure as 
for RV4 (CH1). The porosity values for RV6 were previously shown in Table 4.4. 
Using the first method (Grubb’s test), the mean and standard deviation were calculated from 
the set of porosity data. The values are presented in Table 4.10. 
 
Table 4.10 Mean and Standard Deviation for RV6 porosity values. 
Mean Standard Deviation 
13.610 0.217 
 
“T” values were calculated for each porosity value and are exhibited in Table 4.11. 
Table 4.11 T values related to RV6 porosity. 




















Once “T” values were calculated, they are compared with (GCV). Considering the data 
number of N=18 and the confidence interval of 95%, GVC is 2.5. As none of “T” values are higher 
than GVC, all the values are considered as proper to the dataset. The closest value to the GVC is 







The first quartile, third quartile and interquartile range (IQR) were calculated using an Excel 
function and are presented at Table 4.12. 
 
Table 4.12 Q1, Q3 and IQR values for Tukey´s test in RV6 porosity values. 
 
 
After the first quartile and third quartile were calculated, the limits for moderate outliers 
and external outliers were found as shown in Table 4.13. 
 




Comparing the porosity values versus the limits established for moderate outliers and 
external outliers, only the corresponding value to 10 VPI was found out of the range, according to 
Table 4.14.  Eliminating this value of the dataset, the corresponding plot for porosity is illustrated 
in Figure 4.10. 
Table 4.14 RV6 porosity values and limits for moderate and external outliers. 
PVI Porosity   
0 14.046  
2.9 13.568  
6.0 13.623  
8.8 13.516  
12.2 13.077 Outlier 
14.4 13.879  
20.7 13.472  
26.7 13.473  
32.3 13.610  
41.0 13.651  
50.6 13.609  
58.9 13.567  
66.7 13.786  
77.1 13.484  
87.2 13.367  
Quatrile 1 Quatrile 3 IQR 

















98.7 13.766  
100.8 13.886  




Figure 4.10 RV6 Porosity plot for Test 1 without outliers  
 
The same behavior was noted in the analysis for the first sample. Two values were found 
as possible outliers in the Grubb´s test for the second sample, but just one of them was classified 
as outlier with the Tukey test. Moreover, it can be confirmed that the remaining values have a better 
approximation to the real behavior of the porosity.  
 
4.1.1.3 Statistical Analysis for Permeability Values in Coreholder 1 
Permeability analysis was performed using Grubb´s test and the moving average technique. 
The confidence interval for Grubb´s test was 95%. Also, the moving average was calculated by an 
Excel complement and determined with an interval of 3 values. 
 
The Grubb´s test provided the mean and standard deviation for permeability data as 
presented in Table 4.15. “T” values were calculated from the dataset and compared with the GVC. 
In this case, “T” values oscillated according in the range 1.184 <T< 1.694 and GVC is 2.03. As no 




















Table 4.15 Mean and standard deviation for permeability values of sample RV4. 
Mean Standard Deviation 
88.637 19.803 
 
The moving average technique was used in order to refine the data set even more. It is a 
filtering technique that simplifies the analysis of trends by smoothing the fluctuations that appear 
in the measurements taken over a period. An interval of three values was applied to calculate the 
moving average. Figure 4.11 shows the scatter plot of RV4 permeability after implement the 
moving average technique. 
Figure 4.11 RV4 Permeability plot for Test 1 after applying the moving average technique.  
 
4.1.1.4 Statistical Analysis for Permeability Values Coreholder 2 
 
The analysis of the permeability dataset of sample RV6 (CH2) was performed in a different 




























The mean and standard deviation were found using Grubb´s method and are presented in 
Table 4.16. In the same way, “T” values were calculate and are displayed in Table 4.17. 
 
Table 4.16 Mean and standard deviation for RV6 permeability data -step 1. 
 
 














In this case, just 12 permeability values were determined along the complete test and GCV 
was 2.29 for this number of data points. After comparing “T” to those of  GCV, just the value of 
498.4234 mD indicated a “T” value higher that the GCV, therefore it can be considered as an 
outlier. Once the outlier is eliminated from the data set, the Grubb´s test was performed once again, 
and the values for the mean and standard deviation were re-calculated, as listed in Table 4.18. 
 
Table 4.18 Mean and standard deviation For RV6 permeability values-step 2. 
Mean Standard Deviation 
151.759 80.449 
 
After the mean and standard deviation values were calculate, “T” values should be 
recalculated too, as in Table 4.19. 
 
Mean Standard Deviation 
180.64 126.08 

















Table 4.19 T Values of RV6 permeability - step 2. 













Once “T” values were calculated, they are compared with the GCV found for the 11 
remaining values. In such case, the GCV was 2.23; only the value of 332.2823 mD referred to “T” 
value was higher that the GVC. The value 332.2823 mD is called a masked outlier and need to be 
eliminated from the data set. Grubb´s test must be performed once again. 
 
 
After the mean and standard deviation values were calculate for the remaining values, “T” 
values must recalculate too, as shown in Tables 4.20 and 4.21. 
 
Table 4.20 Mean and standard deviation For RV6 permeability values - step 3. 
Mean Standard Deviation 
133.70 56.64 
 
Table 4.21 T Values of RV6 permeability -step 3. 















Once the “T” values were calculated, they are compared with the GVC found for the 10 
remaining values, in this case, GVC was 2.18. As none “T” value is higher than the GVC, it is 
ensured that remaining values are not outliers. After no outliers were identified, the moving average 
technique was applied in order to smooth the fluctuations that still appear in the measurements. 
Figure 4.12 presents the RV6 permeability scatter plot after Grubb´s test and the moving average 
technique. 
 
Figure 4.12. RV6 Permeability p lot -Test 1 after Grubb´s test and the moving average technique.  
 
 
4.1.2 Ion Chromatography Results 
Ionic Chromatography results are presented in Table 4.22, with the ions concentration in 




























Table 4.22 Ions chromatography results. 
VP  Na Prod.  K Prod.  Ca Prod.   Cl Prod. 
CH1_1 CH2_1 CH1_1 CH2_1 CH1_1 CH2_1 CH1_1 CH2_1 
0 0.58725 0.58725 0.01433 0.01433 0.01353 0.01353 0.63527 0.63527 
2.40 0.57625 0.59523 0.01544 0.01644 0.01601 0.02855 0.64407 0.63117 
5.08 0.60469 0.66271 0.01505 0.01524 0.03198 0.03733 0.62878 0.67837 
7.34 0.59010 0.60230 0.01522 0.01451 0.03315 0.03607 0.63198 0.63128 
9.83 0.62567 0.62808 0.01437 0.01526 0.03614 0.03709 0.63618 0.63520 
12.53 0.59766 0.58590 0.01373 0.01354 0.03310 0.03716 0.62373 0.62641 
22.02 0.62158 0.59427 0.01496 0.01520 0.03680 0.03517 0.62139 0.60440 
27.03 0.56341 0.55222 0.01529 0.01315 0.03147 0.03131 0.60553 0.58739 
34.06 0.58926 0.60634 0.01631 0.01556 0.03452 0.03729 0.61293 0.64754 
42.08 0.58914 0.58501 0.01401 0.01366 0.03528 0.03511 0.64720 0.62310 
48.88 0.60107 0.58217 0.01511 0.01498 0.03463 0.03422 0.71281 0.59779 
56.17 0.68826 0.67270 0.01546 0.01737 0.04164 0.03906 0.59000 0.70905 
62.50 0.64698 0.63581 0.01786 0.01863 0.04015 0.04059 0.63504 0.68787 
71.37 0.64675 0.67046 0.01484 0.01472 0.03682 0.04178 0.71043 0.67851 
82.08 0.63582 0.67658 0.01671 0.01577 0.04007 0.04158 0.69116 0.72068 
83.57 0.66661 0.68705 0.01637 0.01726 0.04202 0.03761 0.69336 0.69417 
85.49 0.69366 0.69957 0.01599 0.01505 0.04055 0.03885 0.71026 0.70394 
  
Results obtained from the ionic chromatography were used as input data to perform the 
simulations using PHREEQC, in order to determine the brine composition to be used in the third 
experiment. The simulation was performed by research group to project the brine composition at 







Figure 4.13 Sodium produced after CH1 and CH2.  
 
 













































Figure 4.15 Calcium produced after CH1 and CH2.  
 
 







































4.1.3 Discussion on Experiment 1 
 
Porosity 
 Sample RV4 placed in coreholder 1, presented a porosity increase tendency, as 
shown in Figure 4.9 The increase is related to rock dissolution from the reaction of 
the carbonic acid with the rock surface. Figure 4.3 supports the conclusion, once it 
exhibits an increase tendency of the dolomite dissolved moles. As shown in figure 
4.4, sample RV6 presented a much smaller amount of dissolved moles than that of 
RV4, corroborating the predominant dissolution in the first sample. 
 
 Sample RV6 placed in coreholder 2 had almost no change in porosity along the 
experiment, as shown in figure 4.10. In some low porosity locations appear a 
decrease in porosity that can be related with mineral precipitation in the rock 
surface. Opposite to the result of RV4, experiments with sample RV6 did not 
resulted in significant porosity variation. The behavior may be associated with the 
fact that the reaction with the carbonic acid in the first sample was completed and, 
by the moment water contacts the surface of the second sample, the acid is no longer 
able to promote rock dissolution. 
 
 It can be affirmed that the dissolution is definitely present in the first coreholder as 
shown in Figure 4.5. Also, it was identified that dissolution occurs just in the first 
1.5 centimeters of the sample, where porosity changes are clear.  
 
 In Figure 4.5, sample RV4 have shown a distinguished porosity behavior. The 
sample porosity carried a remarkable heterogeneity in the range of 1.5 to 2 
centimeters. The distinguished behavior observed is that dissolution and deposition 
was accentuated by heterogeneity. In initial high porosity locales, fluid injection 
promoted high dissolution, which translate into the high porosity increase. However, 
in the low porosity sites, deposition is very noticeable. It can be seen that dissolution 
process did not happen in low porosity peaks, conversely, a deposition process 





porosity places being transported by the fluid to the low initial porosity locales and 
deposited there. 
 
 Figure 4.6 illustrated the porosity profile along sample RV6. As was observed in 
sample RV4, sample RV6 also present porosity high heterogeneity between 2.5 to 
3.5 centimeters. The same dissolution and deposition events, as explained 
previously for sample RV4, take place in RV6. The dissolution and deposition 
process occurred in high and low porosity places. These processes take place in a 




 After the statistical analysis performed for the permeability data, the conclusion is 
that sample RV4 placed in the first coreholder did not show any permeability 
alteration. The permeability profile remains practically constant between 90 and 100 
miliDarcys along the entire test.   
 
 Sample RV6 presented a permeability decrease after injection of approximately 40 
PVI. The behavior can be assigned to migration of fines dissolved in the first sample 
and transported by the carbonated water.  Image 4.6 showed the porosity evolution 
along the sample. It clearly shows a porosity decrease in the first 1.5 centimeters of 
the sample. The reduction of porosity result from the deposition of fines, that 
generated pore throat blockage, causing a restriction to carbonated water flow 
through the sample. The deposition phenomenon promoted a permeability reduction 
from 200 milidarcys to 100 milidarcys at the end of the test. 
 
Ion chromatography 
 During the entire test, the ion calcium was the only that presented changes in 
concentration. This performance was expected, and is related directly with the 
surface dolomite dissolution caused by the carbonic acid. Figure 4.15 showed the 





production increase is clear after few pore volumes were injected. The production 
increase is related to the calcium released from the dolomite surface during the 
dissolution process. Thereby, it can be conclude that 10 pore volumes are enough to 
cause all dissolution on the rock surface. Also, calcium production decreased after 
a range of 20 to 30 pore volumes was injected.  If the behavior is compared with the 
amount of dissolved moles in Figure 4.3, the decrease of dissolved mass happened 
at the same time that production decreased, meaning that deposition had occurred, 




























4.2 Experiment #2 – Dissolution Near To Wellbore After 2 Production years 
 
Experiment 2 had as intention to evaluate the dissolution near to wellbore after 2 years of 
production. In order to investigate the dissolution behavior, it was modified the overburden 
pressure used during the test. This pressure drop was estimated, it was found that the decrease of 
pressure is close to 2000 psi compared with the first test. Table 4.23 presents the experimental 
variables used during the test. 
 
Table 4.23 Experimental conditions of Test 2. 
Variable Experiment 2 
Injected Fluid Brine 38 kppm 21,5% CO2 
CW pH 3 
Flow Rate 2 cm³/min 
Injection Pressure 7.500 psi 




 A total of 14 CT-scans were performed for each coreholder along 11 hours, and it was 
generated 58 images for each tomography. The same procedure was adopted as previously 
experiment, the Matlab routine and Osiris software were used, in order to determine the attenuation 
coefficient and subsequently the porosity values. Table 4.24 shows the porosity and permeability 
values calculated for each sample. Permeability and porosity were measured using permeameter 
Ultraperm-500 and Porosimeter - UPore 300, respectively. 
 
Table 4.24  Samples initial porosity and permeability Experiment 2. 
SAMPLE Porosity (%) Permeability (mD) 
R2N 13.797 140 






Pore volume injected and porosity values obtained from the CT-scan for the first coreholder 
are presented in Table 4.25.  
 


















Based in porosity values obtained for each samples, dolomite properties and samples 
dimensions, the moles dissolved were determined for each core. Initial dolomite moles were 
calculated following the same mathematical development performed in the Experiment 1. Figures 











       Figure 4.18 Evolution of dissolved moles Sample R2N -CH1. 
 
PVI and porosity values obtained from tomography analysis for the second coreholder are 
presented in Table 4.26. Figure 4.19 shows the porosity behavior evolution behavior for sample 





























































Figure 4.19 Porosity evolution in Sample R4N -CH2. 
 
In same way that Experiment 1, the dolomite dissolved moles were calculated for sample 


























       Figure 4.20 Evolution of dissolved moles Sample R4N -CH2. 
 
 
In order to investigate the spatial distribution for the porosity related to injection point of 
carbonated water, it was plotted the porosity behavior along the sample. It was selected the porosity 
initial values, and compared with the porosity values obtained after 6 PVI, 13 PVI, 97 PVI and 108 
PVI. Figures 4.21 and 4.22 displayed the porosity behavior for sample R2N and R4N, respectively. 
 
Permeability performance was determined through the pressure drop values obtained from 
pressure transducer installed for each coreholder and Darcy`s law. The pressure drops values were 
established to be recorded every one minute along the test. Figures 4.23 and 4.24 showed the 


















































Porosity Variation R4N - CH2















Porosity Variation R2N - CH1






Figure 4.23 Permeability scatter plot sample R2N -CH1. 
 
 















































4.2.1 Experiment #2 – Statistical Analysis 
As the aforementioned Experiment 1 presented, the statistical methods were applied into 
data set of the porosity and permeability in order to identify the possible presence of outliers able 
to promote behavior variation in the petrophysic parameters measured. The same statistical 
methods described in the Experiment 1 were used to examine the porosity and permeability data 
obtained in this second experiment. The results description followed as detailed below. 
 
4.2.1.1 Statistical Analysis for Porosity Values Coreholder 1 
 
As described above, Grubb’s and Tukey tests were used to analyze the porosity data. Fifteen 
CT-scans were performed during entire test. Table 4.25 showed the porosity values obtained from 
tomography for sample R2N placed in the coreholder 1.   “T” values were calculated based on the 
porosity data obtained for sample R2N in order to perform the Grubb’s test, and it was found a 
oscillate range of 0.012 ≥“T”≥ 2.233. Starting from the number of porosity values is fifteen (N=15) 
and the confidence interval was 95%, GCV = 2.41 was found. As none of “T” values are higher 
than GVC, it can be considered that all the values belonging to the data set. 
Tukey test also was performed, for this; lower and upper limits for moderate and external 
outliers were calculated and presented in Table 4.27. 
 





Compared the porosity values presented in Table 4.25 with the limits found for Tukey test, 
it was found that no one of the porosity values are out of ranges defined for Tukey test, thereby it 
was confirmed the absence of outliers, so the porosity behavior do not change.  In this way, the 



















4.2.1.2 Statistical Analysis for Porosity Values Coreholder 2 
  
Sample R4N porosity values were analyzed using the same statistical methods used for 
previously data set. In the same way that for sample R2N in the first coreholder, it was found 15 
values for porosity for sample RN4 placed in the second coreholder. Table 4.26 illustrated porosity 
values versus PVI obtained for sample R4N during entire test. 
For perform Grubb’s test, “T” values were calculated based on porosity data obtained for 
sample RN4, the “T” values range was 0.035≥“T”≥ 1.601. For this case, the number of values 
obtained for R4N are the same for R2N, thus the GCV is the same (GCV=2.41). Comparing the 
“T” values with the GCV, no one value is higher than 2.41, so it can be considered that all the 
values belonging to data set. 
In the case of Tukey test and starting from the same porosity values studied in the Grubb’s 
test, lower and upper limits for moderate and external outliers were calculated and presented in 
Table 4.28. 




Once the limits for moderate and external outliers were stablished, the values of porosity 
presented in table 4.26, were compared with these limits. In this case, the lower and higher values 
were 10.891 and 11.444, respectively. Therefore, all values obtained were within the limits 
calculated previously, confirming the absence of outliers. Thus, the porosity behavior follows the 
same tendency in agreement with the figure 4.19 presented previously. 
 
4.2.1.3 Statistical Analysis for Permeability Values Coreholder 1 
 
Similarly, the porosity values were analyzed using the statistical methods, permeability 
values also were analyzed following the same statistical treatment described for Experiment 1. 
Statistical methods included: Grubb’s test, Tukey test and moving average, these tools smoothed 

















For this first case, 19 permeability values were repeated during the entire test. Based in 
these values, different statistical methods were carried out. 
“T” values were calculated in order to perform the Grubb’s test, and it was found a oscillate 
range 0.102≥“T”≥ 1.961. For N=19 and the same confidence interval (95%) used in previously 
analysis, it was found the GCV =2.53. As the higher “T” value found was 1.961, it can be confirmed 
that Grubb’s test does not show any outlier.  
Tukey test was applied too, for this; the lower and upper limits for moderate and external 
outliers were calculated and presented in Table 4.29. 
 




 Permeability values obtained for sample R2N, indicated 39.354 milidarcys as lower value 
and 91.826 milidarcys as higher. Comparing these values with the limits found in Tukey test, it can 
be confirmed that the set of values belonging to permeability data does not provide outliers. 
 The moving average was the last technique employed in order to analyze the permeability 
data set. The statistical calculus was carried out using an interval of three values, and thus the final 


















Figure 4.25 R2N Permeability plot after applying the moving average technique.  
 
4.2.1.4 Statistical Analysis for Permeability Values Coreholder 2 
 
Two hundred thirty nine values of permeability were calculated for sample R4N using the 
same statistical methods applied for sample R2N. Due to the high amount of values obtained during 
the test, it was necessary using online software of outlier calculator (https://graphpad.com), in order 
to analyze the data using the Grubb's test and determine the possible presence of outliers. This 
software was employed given that the table of Grubbs' critical value just has 100 as maximum data 
number to be analyzed. Figure 4.26 illustrates the result obtained after perform Grubb’s test for 
permeability values. Thereby, it can be confirmed that there is not outlier in the data set. 
 




























Following, the Tukey test was performed, thus, the lower and upper limits for moderate and 
external outliers were calculated and presented in Table 4.30. Permeability values oscillate 
according to range 31.31677≥“K”≥ 140.514, confirming the absence of outliers. Finally, the 
moving average last tool was applied, and Figure 4.27 reveals the final permeability behavior for 
sample R4N. 
 

















































4.2.2 Discussion on Experiment 2 
 
Porosity  
 After 110 pore volumes injected, sample R2N presented a notable increment 
tendency in porosity values as shown in Figure 4.17. The porosity increase trend is 
related to rock dissolution, as result of the acidic reaction with the dolomite surface. 
Sample R2N presented the same porosity behavior observed in the sample RV4 of 
Experiment 1, corroborating that dissolution mainly had occurred in the first 
coreholder. 
 
 Figure 4.21 shows the spatial distribution of the porosity variation along sample 
R2N, placed in the first coreholder. A significant porosity increment can be 
observed in the first 1.2 centimeters of the sample according to the pore volumes 
injected. The increase can be associated with the behavior of mass of dolomite 
dissolved, as shown in Figure 4.18. It leads us to conclude that dissolution occurs 
almost immediately, as injection fluid enters in contact with the rock. Also, as 
observe in Experiment 1, the dissolution-deposition occurrence at initial higher and 
lower porosity places were evident here. The phenomenon may be explained by the 
variation of the interstitial velocity. In higher porosity places, the carbonated water 
flow presents lower interstitial velocities, which increase the contact between 
carbonated water and rock for rock dissolution. The opposite happens in lower 
porosity places, where rocks grains are closer together, increasing the interstitial 
velocity and reducing the reaction time between the carbonated water and the rock. 
 
 Figure 4.19 corresponds to the porosity changes of sample R4N in the second 
coreholder. No significant variation of porosity happened. After 40 PVI, some low 
porosity values were observed. The reduction in porosity may be related to fines 
dissolved in sample R2N that are deposited in sample R4N. The observation is 
consistent with the reasoning that the main reaction takes place in the first 
coreholder, where the carbonic acid is mostly consumed. Therefore, when the 





there is no longer sufficient carbonic acid to react and promote significant 
dissolution. 
 
 Figure 4.22 refers to the spatial distribution of porosity in sample R4N. In Figure 
4.22, the variations between initial and final porosities are low and distributed along 
the sample, supporting the observation that the dissolution reaction presented a 
lower impact when compared with the first coreholder. However, the phenomena of 
dissolution and deposition associated of localized heterogeneities across the sample 
are again observed  
 
Dissolved Mass 
 The amount of dissolved moles was higher in sample R2N placed in the 
first coreholder than in sample R4N placed in the second coreholder, as expected. 
The main dissolution reaction occurred in sample of CH1 as already seen 
previously. It is interesting to notice the amount of dissolved moles in Experiment 
2 compared to Experiment 1. Both samples, R2N and R4N, provided higher 
dissolved mass than the samples of experiment 1.  A possible reason for is concerned 
to the porosity profiles. As shown in Figure 4.21, sample R2N presented a porosity 
heterogeneity located at 0.5 cm of the sample inlet. Due to this characteristic and 
knowing that the main dissolution occurs in the first centimeters of the sample, is 
expected that dissolution occurred at a higher level, meaning a higher amount of 
moles was dissolved in this sample. 
 
Permeability 
 After the statistical analysis performed with permeability data, sample R2N showed 
an increase in permeability values at injection in the range of 0 and 10 PVI. This 
increase correlates to the dissolution observed in Figure 4.17, where porosity 
reported an increase, from an initial value of 11.867 to 12.067. After that, the value 






 Sample R4N showed a tendency of decrease in permeability along the test, similar 
to the observed in sample RV4 of the first experiment. As mentioned previously, 
the amount of dissolved moles in the first sample (R2N) could travel on carbonated 
water and be deposited in sample R4N, so decreasing porosity and consequently 
reducing permeability. The conclusion is supported by comparing the amount of 
dissolved masses between the two samples. In Figures 4.18 and 4.20, sample R2N 
showed more moles dissolved than sample R4N. The phenomenon was expected 


























4.3 Experiment #3 – Dissolution far from Wellbore  
 
Experiment 3 intends to evaluate the dissolution phenomenon far from wellbore, at about 
100 meters from the injection well. In order to investigate the dissolution behavior, some 
experimental conditions were modified as the injection pressure and flow rates used during the test, 
in relation to the previous experiments. Two flow rates were used in the experiment; 0.2 and 12 
cm³/min. 
The reason to use the two rates was that 0.2 cm³/min represents the flow rate at the inner 
reservoir regions and the flow rate of 12 cm³/min at pre-established times is necessary to measure 
the pressure drop through the samples more accurately (Figure 4.28).  
The rest of the experimental conditions used in Experiment 3 were at the same already 
reported for Experiments 1 and 2. The composition of the injected brine was also modified. A new 
brine composition for the carbonated water was calculated with the geochemical simulator 
PHREEQC and the chromatography results of the effluents obtained in Experiment 1. The new 
composition corresponds to the carbonated water prevalent at 100 meters away from the wellbore. 
Table 4.31 shows the ions composing the designed carbonated water, reported by PHREEQC.  
 














100m: Case 3 Each100cm 














Tables 4.32 and 4.33, summarizes the projected water composition and the experimental 
variables used during the test, respectively. 
 
Table 4.32 Projected brine composition. 
Projected carbonated water composition (1.000 mL 
solution) 
 (NaCl) 27.6486 g 
 (KCl) 0,78 g 
 (MgCl2.6H2O)  3.4137 g 
 (CaCl2.2H2O) 3.4137 g 
 (SrCl2.6H2O) 0.0186 g 
 (KBr) 0.107 g 
 (Na2SO4) 0.059 g 






Table 4.33 Experimental conditions of Test 3. 
Variable Experiment 2 
Injected Fluid Brine 44 kppm 19,5% CO2 
CW pH 5 
Flow Rate 0.2 and 12 cm³/min 
Injection Pressure 8.250 psi 
















Figure 4.28 Flow rate scheme along experiment #3 . 
 
 A total of 5 CT-scans were performed on each coreholder along the 50 hours fluid 
displacement test, and 57 images were generated for each tomography. As in the previous tests, a 
Matlab routine and Osiris software were used to determine the attenuation coefficient and 
subsequently the porosity values. 
 
Ten measurements of pressure drop were recorded at 12 cm³/min; the measured values were 
registered during a period of 3 minutes. Pressure drop values were employed to calculate 
permeability through Darcy´s law. 
 
The volume of injected brine and porosity values obtained from the CT-scan for the first 
coreholder are presented in Table 4.34. Figure 4.29 shows the porosity evolution for sample R3N 
during the entire test. 
 
















Figure 4.29 Porosity evolution in Sample R1N -CH1 
 
The dolomite dissolved moles were calculated for sample R1N using the mathematical 
development presented in the previously chapter. Figure 4.30 illustrates the evolution of the total 
dissolved moles. 
 













































PVI and porosity values obtained from the tomography analysis for the second coreholder 
are presented in Table 4.35. Figure 4.31 shows the porosity evolution for sample R3N during the 
test. Figure 4.32 presents the total dissolved moles for coreholder 2.  
 



































Figure 4.32 Evolution of dissolved moles Sample R3N -CH2 
 
The spatial distribution of porosity was calculated from the CT values obtained from scan 
images. The porosity profiles obtained refer to times equivalent to accumulated injection of 3 PVI, 
9 PVI, 19 PVI, 36 PVI and 65 PVI. Figures 4.33 and 4.34 displayed the evolution in time of the 

























Figure 4.33 Porosity variation along sample R1N CH1.  
 
 

















Porosity Variation Along The Sample

















Porosity Variation Along The Sample





As described permeability of the sample was computed from the pressure drop values 
registered using the flow rate of 12 cm³/min, recorded at 10 time intervals along the experiment. 
Figures 4.35 and 4.36, display the permeability behavior for sample R1N and R3N, respectively. 
Figure 4.35 Permeability scatter plot sample R1N CH1.  
 
 




















































4.3.1 Ion Chromatography Results 
 
Ion chromatography results of the produced brines are presented in Table 4.36, with the 
ions concentration expressed in mg/l. The first and second lines of Table 4.36 exhibit the ion 
composition for synthetic sea water (used for saturation of the samples) and for projected brine 
composition.  Figures 4.37 - 4.41 display the production curves for each cation: Na+, K+, Ca2+, Cl- 
and Mg2+, respectively. 


























Na Prod K Prod Ca Prod Cl Prod Mg Prod 
CH2 CH2 CH2 CH2 CH2 
Saturation Brine 9000 400 1417 20000 27 
Projected Brine 14504 378 1697 28436 337 
3.47 8165 338 1670 16849 307 
9.47 8703 323 1753 19325 315 
19.88 9178 353 1741 18647 318 
36.388 10487 374 1683 22304 312 






Figure 4.38 Potassium produced after CH2.  
 
 
Figure 4.39 Calcium produced after CH2.  
 


















































































4.3.2 Discussion on Experiment 3 
 
Porosity  
 An increasing tendency in porosity was observed in sample R1N placed in the first 
coreholder (Figure 4.29). The porosity rise was observed after the first pore volumes 
injected (3.47 PVI). After that, the porosity values remained always the initial 
porosity value. Such behavior is associated with the dissolution phenomenon caused 
by carbonic acid. The same was observed in the previous reported experiments; 
confirming the increase in porosity values for samples placed in the first coreholder 
in the association to the dissolution process that occurs on the rock. 
 
 Sample R3N, placed in coreholder 2, had no change in porosity along the 
experiment, as shown in figure 4.31. In some low porosity locations decreases in 
porosity are registered, that can be related to precipitation of minerals coming from 
the first coreholder. Precipitation may also be associated with the fact that the 
reaction with the carbonic acid in the first sample was completed and, by the 
moment water contacts the surface of the second sample, the acid is no longer able 
to promote rock dissolution. 
  
 The amount of dissolved moles for samples R1N and R3N, shown in Fig. 4.30 and 
4.32 respectively, confirms that the main dissolution occurs in the first coreholder, 
as seen in previous experiments. The dissolved mass was higher in sample R1N 
placed in the first coreholder than in sample R3N placed in the second coreholder, 
as expected. 
 
 Figure 4.33 shows the spatial distribution of the porosity variation along sample 
R1N, placed in the first coreholder. Contrary to the results observed in the previous 
experiments, no significant porosity increment was observed in the first centimeters 
of the sample, disregarded the number of pore volumes injected. This behavior can 
be associated with the amount of carbonic acid present in the carbonated water. ; In 





meters from the wellbore, which means that the carbonic acid content is lower. 
However, also as observed in Experiment 1 and Experiment 2, the dissolution-
deposition occurrence at initial higher and lower porosity places was also evident in 
Experiment 3. The phenomenon may be explained by the variation of the interstitial 
velocity. In higher porosity places, the carbonated water flow presents lower 
interstitial velocities, which increase the contact between carbonated water and rock 
promoting dissolution. The opposite happens in lower porosity places, where rocks 
grains are closer together, increasing the interstitial velocity and reducing the 
reaction time between the carbonated water and the rock. 
 
 Figure 4.34 refers to the spatial distribution of porosity in sample R3N. In Figure 
4.34, the variations between initial and final porosities are low and distributed along 
the sample, also it was observed that several porosity values follow a lower trend in 
relation with the initial porosity, indicating deposition. However, the phenomena of 
dissolution and deposition associated to localized heterogeneities across the sample 





 Figure 4.35 denotes permeability behavior for the sample R1N placed in the first 
coreholder, in the same way seen in Experiment 1 and Experiment 2, the 
permeability for this experiment presented a constant tendency along entire 
experiment, with a value of 140 Md. 
 
 Sample R3N showed a tendency of decrease in permeability along the test, similar 
to the observed in sample RV4 and R4N in the previous tests. As mentioned, the 
amount of dissolved moles in the first sample (R1N) could travel on carbonated 
water and precipitate in sample R4N, so decreasing porosity and consequently 





25 PVI approximately, passing from an initial value of 87 mD to 43 mD at the end 
of the experiment. 
 
Ion chromatography 
 Ions results presented in the Table 4.36 showed a slight increase for calcium 
concentration between 9.47 to 19.88 PVI, suggesting some minor dissolution. In 
case of magnesium, it presented a constant concentration after the injection of 50 
pore volumes, always showing values that are lower than the projected brine 
composition. 
 
 Chloride and sodium ions pose concentrations that are orders of magnitude higher 
than those of the other ions. High dilution factors (e.g. 10,000X) were necessary to 
carry out the measurement of the concentrations of chloride and sodium ions, which 



















An experimental study on carbonated water injection in order to investigate rock dissolution 
phenomena was carried out using dolomite core samples originated from Thornton (USA) outcrop 
and carbonated water saturated with 21.5% of 𝐶𝑂2. Three different experiments were performed 
to evaluate how the experimental conditions as injection pressure, injection rate can influence in 
dolomite dissolution. The results of this study led the following conclusions: 
 
 A successful experimental methodology was developed in order to study dissolution 
phenomenon, simulating reservoir conditions (pressures and temperature) observed in 
the Brazilian Pre-Salt. 
 
 Experiments 1 and 2 (Dissolution near to wellbore) conclude that the main dissolution 
just occurred in the first coreholder and in first sample centimeters, the dissolution 
phenomenon was verified by porosity and permeability increase tendency. 
 
 Experiment 3 (Dissolution far from wellbore) shown no significant porosity increment 
in the first centimeters of the sample, disregarded the number of pore volumes injected. 
This behavior can be associated with the amount of carbonic acid present in the 
carbonated water. 
 
 Porosity and permeability showed a decrease tendency in the second coreholder for the 
three experiments, this behavior can be associated with to pore throat blockage due 
mineral deposition coming from first coreholder. 
 
 Sample heterogeneity plays an important role in relation with the amount of mineral 
dissolved, the dissolution-deposition occurrence at initial higher and lower porosity 
places were evident here. The phenomenon may be explained by the variation of the 
interstitial velocity. In higher porosity places, the carbonated water flow presents lower 
interstitial velocities, which increase the contact between carbonated water and rock 





are closer together, increasing the interstitial velocity and reducing the reaction time 
between the carbonated water and the rock. 
 
 The ion calcium was the only that presented more changes on concentration. This 
performance was expected, and is related directly with the surface dolomite dissolution 
caused by the carbonic acid promoting the porosity increase in the samples. 
 
 
Suggestions for further work 
 
The work carried out in this thesis has revealed many promising areas of further research in 
carbonates dissolution field. A few of these areas worthy of further investigations can be briefly 
summarized as follows: 
 
 In the experimental setup, implement an equipment (Pressure Transducer) to record a 
drop pressure values with more accuracy, in order to avoid the outliers in the set of 
data. 
 
 Perform experiments with reservoir outcrops, with the purpose to have a reproduction 
more similar to real conditions related with dissolution process. 
 
 Implement a biphasic injection scheme system (Oil-CW) to perform experiments in 
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The Annex A presents the Table A1 for determination of Grubb’s critical value.  







The Appendix A shows the description of Statistical Analysis applied on the Porosity and 
Permeability data.  
 
Statistical Analysis in Porosity and Permeability Data 
 
An outlier is an observation that appears to deviate markedly from other observations in the 
sample. Identification of potential outliers is important for the following reasons. 
 An outlier may indicate a bad data. For example, the data may have been coded 
incorrectly or an experiment may not have been run correctly. If it can be determined that 
an outlying point is in fact erroneous, then the outlying value should be deleted from the 
analysis (or corrected if possible). 
 In some cases, it may not be possible to determine if an outlying point is bad data. Outliers 
may be due to random variation or may indicate something scientifically interesting. In 
any event, it typically does not want to simply delete the outlying observation. However, 
if the data contains significant outliers, it may need to consider the use of robust statistical 
techniques. 
 
Linear Trend Estimation 
One of the first techniques to determine an outlier present in the data is through a graphic 
method, to identify the existence possible of one or more outliers present in the data set. This 
method is based in a linear tendency model; a scatter plot allows a visual inspection to identify an 






Figure A.1. Linear Trend Estimation technique for outliers detection. 
There are others analytic techniques suggested to determine the possible presence of outliers 
in a set of data. Two of them more commonly used are: Dixon test and Grubbs test (recommend 
by ASTM E178).  
 
Grubbs test 
This test detects outliers from normal distributions. The tested data are the minimum and 
maximum values. The result is a probability that indicates the data belongs to the core population. 
If the investigated sample presents some other behavior, especially asymmetric distribution (e.g. 
lognormal), then this test provides false results. 
The test is based on the difference of the mean of the sample and the most extreme data 
considering the standard deviation. The test can detect one outlier at a time with different 






                           𝑇𝑚𝑖𝑛 =
𝑋𝑚𝑒𝑎𝑛−𝑥1
𝑆
    A.1 
 
Where 
𝑥1 or 𝑥𝑛 = the suspected single outlier (max or min) 







The 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 values obtained are compared to Grubbs' critical value table, if  𝑇𝑚𝑎𝑥> 




The box plot (a.k.a. box and whisker diagram) is a standardized way of displaying the 
distribution of data based on the five numbers summary: minimum, first quartile, median, third 
quartile, and maximum. In the simplest box plot the central rectangle spans the first quartile to the 
third quartile (the interquartile range or IQR). A segment inside the rectangle shows the median 
and "whiskers" above and below the box show the locations of the minimum and maximum.  
 
Figure A.2. Tukey test: Box plot display of distribution. 
 
This simplest possible box plot displays the full range of variation (from min to max), the 
likely range of variation (the IQR), and a typical value (the median). Not uncommonly real data 
sets will display surprisingly high maximums or surprisingly low minimums called outliers. John 
Tukey has provided a precise definition for two types of outliers: 
 External Outliers are either 3×IQR or more above the third quartile or 3×IQR or more below 
the first quartile. 
 Moderate outliers are slightly more central versions of outliers: either 1.5×IQR or more 
above the third quartile or 1.5×IQR or more below the first quartile.  
Confidence interval 
A confidence interval is a range of values, derived from statistic sample that is likely to 





that two samples from a particular population will yield identical confidence intervals. But if your 
sample was repeated many times, a certain percentage of the resulting confidence intervals would 
contain the unknown population parameter. 
Confidence intervals are constructed at a confidence level, such as 95 %, selected by the 
user. It means that if the same population is sampled on numerous occasions and interval estimates 
are made on each occasion, the resulting intervals would bracket the true population parameter in 
approximately 95 % of the cases. A confidence stated at a 1−α level can be thought of as the inverse 
of a significance level, α. 
Confidence interval (CI) is based on the four numbers summary: Mean, Standard Deviation, 
standard normal distribution and number of values. Confidence interval is representing by : 
𝐶𝐼 = 𝑚 ±
𝑧∗𝑆𝐷
√𝑛
      A.2 
Where 
𝑚=Mean 
𝑧=Normal standar distribution 
𝑆𝐷= Standar deviation 
𝑛=number of values 
 
Moving Average 
Moving averages are averages calculated from artificial subgroups of consecutive 
observations. In control charting, a moving average chart can be created for time-weighted data. In 
time series analysis, the moving average is used to smooth data and reduce random fluctuations. 
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